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figure  performance  as  wideband  amplifiers.  Noise  figures  up  to  13  dB  lower  than  flat 
profile  and  7 dB  lower  than  cathode  notch  profile  GaAs  devices  have  been  demonstrated. 
Additionally,  as  solid  state  components,  they  will  offer  significant  advantages  over  con- 
ventional means  of  providing  wideband,  high  gain,  low  noise  amplification  in  the 
millimeter  wave  frequency  range . 
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FOREWORD 


This  report  is  submitted  by  tlie  Materials  and  Devices  Department  of  the 
Solid  State  West  Division  of  Varian  Associates,  Palo  Alto,  California,  under  Navy 
contract  NOO123-76-C-0265. 

In  this  report,  the  development  and  performance  of  InP  Gunn-effect  ampli- 
fier devices  and  their  associated  rf  circuitry  is  described.  The  frequency  range  is 
26,5  to  40  GHz  and  amplifier  bandwidths  of  up  to  6 GHz  are  measured  in  this  fretiuency 
range.  Gain  levels  of  up  to  12  dB  and  noise  figures  as  low  as  9 dB  have  been  observed. 

These  InP  Gunn  devices,  operating  at  low  supply  voltages,  are  intended  to  be 
used  as  high  gain,  solid  state  replacement  amplifiers  for  traveling  wave  tubes. 

The  work  was  sponsored  by  the  Naval  Electronics  Laboratory  Center,  San 
Diego,  California,  The  Navj'  Program  Manager  was  Mr,  David  Rubin, 

This  report  covers  the  work  begun  on  November  1,  1975  and  completed  on 
tictober  21,  1976,  At  Varian,  Dr,  F,  B.  Fank  was  the  Program  Manager,  Principal 
investigators  were  Mr,  R,  J,  Hamilton,  Jr.,  Dr.  S.  I.  Long  and  Mr.  R.  D.  Fairman. 
In  addition  to  the  authors  mentioned  on  the  title  page,  Messrs.  T.  L.  Hierl  and 
J.  Andrews  supported  the  program  in  the  area  of  circuit  design  and  device  evaluation. 
Messrs.  S.  Lombardi  and  R.  Hendricks  performed  the  major  device  work.  Ms.  C. 
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1.  INTRODUCTION 
1..1  PROGRAM  OBJECTIVES 


The  research  and  development  program  described  in  this  z'eport  is  being 
directed  towards  the  develooment  of  low  noise,  wide  band  InP  Gunn  amplifier 
devices  for  use  in  the  26.5  to  40  GHz  waveguide  band.  These  efforts  were  initiated 
by  the  Materials  and  Device  R and  D Group,  Solid  State  West  Division  of  Varian 
.Associates,  Palo  Alto,  California  on  November  1,  1975. 

The  final  performance  objectives  of  the  devices  produced  for  this  program 
are  the  following; 


(1)  Operating  Freciuency  Range 

(2)  Instantaneous  Bandwidth 
(;i)  Noise  Figure 

(4)  Minimum  Gain  (over  5 GHz) 


26.5  - 40  GHz 

5 GHz 
7-9  dB 

6 dB 


1.2  ADVANTAGES  OF  InP  FOR  GUNN  DEVICES 


The  application  of  InP  for  cw  transferred  electron  oscillators  and  amplifiers 

in  the  millimeter  wave  range  provides  significant  performance  improvements  over 

the  more  widely  utilized  GaAs  devices.  In  particular,  InP  is  a superior  material 

in  several  respects.  It  has  a current  peak- to- valley  I’atio  of  3.5  as  opposed  to  2.5 

for  GaAs  1 1|  . This,  in  theory,  will  provide  higher  oscillator  conversion  efficiencies. 

In  addition,  the  peak-to-valley  ratio  degrades  less  rapidly  with  temperature  than 

Ga.As  and  the  thermal  conductivity  is  greater,  thus  favoring  cw  operation  [ 2j  . Due 

7 

to  the  high  effective  transit  velocity  (1.3  x 10  cm/sec)  and  fast  intervalley 
scattering  [ 3|  , longer  active  regions  and  higher  ultimate  freciucncy  limitations 
should  favor  InP  for  millimeter  wave  applications.  Finally,  InP  reflection 

1 11  D.J.  Colliver,  Proc.  4th  Cornell  Elect.  Eng,  Coni'.,  pp  11-20,  1973. 

I 2|  W.  Fawcett  and  G.  Hill,  Electron.  Ix'tt. , Vol.  11,  pp80-Hl. 

1 :!|  H.  Kroemcr,  private  communication. 


i 

i 

} 
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amplil'iers  have  demonstrated  extremely  low  noise  figures  (as  low  as  7.5  dB)  1 1]  , 
which  liave  been  attributed  to  the  lower  ratio  of  electron  diffusion  to  mobility  in  this 
material  1 5|  . 


■Another  important  characteristic  of  InP  is  its  higher  threshold  field.  Because 
the  threshokl  ficki  is  three  times  that  of  GaAs,  power  densities  arc  much  higher. 
Therefore,  thermal  limitations  under  cw  operation  ore  more  significant,  limiting 
practical  cw  devices  to  operation  above  18  GHz  (where  active  region  lengths  are 
sliort  enough  to  permit  effective  heat  transfer)  or  to  bias  polarities  in  which  the 
anode  is  located  at  the  heat  sink.  Because  of  the  higher  electric  fields  and  more 
critical  thermal  interactions,  cw  InP  devices  are  more  dependent  on  bias  voltage 
ajid  current  levels  than  ec(uivalent  GaAs  devices. 

1.5  PHOGHESS  SUMIMAHY 

From  the  beginning  of  this  effort,  it  W'as  recognized  that  the  achievement 
of  the  above  program  goals  would  reuuire  extensive  technological  advancement  in 
InP  materials  and  device  design.  During  the  course  of  this  one-year  program, 
significant  progress  has  been  made  in  tlic  areas  of  InP  epitaxial  growtli  and  material 
evaluation,  .device  design  and  fabrication,  and  test  circuit  development. 

Operation  of  InP  Gunn  devices  in  Ka-band  r«iuircs  that  thin,  uniformly 

iloped,  high-purity  epitaxial  layers  be  grown  under  carefully  controlled  conditions. 

The  understanding  and  experience  gained  during  the  course  of  this  effort  has  enabled 

n-t^pe  InP  active  layers  with  thicknesses  in  the  4 to  6 gm  range  and  doping  levels 
15  -:i 

in  the  0.5  to  5.0  x 10  cm  range  to  be  successfully  growai  with  lower  compensation 
and  high  purity. 


. l|  S.  Baskaran  and  P.N.  Robson,  Electron.  Lett.,  Vol.  8,  pp  157-i;58,  1!)72. 

51  .I.E.  Sitch  and  P.N.  Hobson,  Proc.  4th  European  Microwave  Gonf. , 

lf)74,  Ix^ndon:  Pitman  Publishing,  pp  252-250. 


Carrier  concentration  control  in  this  doping;  ran^c  has  been  succcsmu11\ 


accoinplishtxi  usin^;  both  II^S  and  mole  fraction  (si)  dopants  yieldinj;-  flat  profiles. 
Sulfur-ilopcd  buffer  layers  have  been  evaluated  and  found  to  be  useful  in  minimi- 
/in^;  the  incidence  of  hi^h  resistivity  regions  at  the  sulistrate-active  layer  inter- 
face. Teclmiques  have  been  developed  to  predict  aiul  maintain  nuxicrate  si’owlh 
rates  under  a variety  of  operating  conditions. 

Concurrently,  material  evaluatit)n  methwls  have  been  nuxiified  and  opti- 
mized for  use  on  n-InP.  Hvaporatetl  gx)ld  Schottky  barriers  have  been  cffecti\cl\- 
utilized  at  retiuced  temperatures  to  accurately  measure  doping  profiles.  \'an  tier 
Pauw  specimens  were  prcparetl  to  determine  carrier  mobility  and  impurity  coin[U'n- 
sation.  Photoluminescence  measurements  were  used  to  monitor  tlie  presence  or 
al)scncc  of  acceptor  levels  (Zn,  llg)  contributed  !)>•  the  inilium  metal  or  (juarlz  hardware. 


Iwxisting  contacting  technology  employing  dc  sputtered  .\u-Ce/Ni  films  was 
use'll  in  preparing  device  eliips.  Ohmie  eontaets  with  low  series  resisUuice  were 
I'blaiiu'il.  Con\entional  seril)c  and  elea\'e  anil  ulti’asonic  bonding  tccliniqucs  wei’e 
ulilizcil  during  the  progi-am  to  obtain  initial  dc  and  rf  results  on  pai'kaged  di'\  ices 
while  gold  plated  integral  heal  sink  modifications  were  iiuestigaled. 

A total  of  three  rf  test  circuits  wi'rc  designed,  fabricated  and  tcstixl  to 
assist  in  the  exaluation  of  Ka-band  diodes.  All  were  of  the  coaxial-waveguide 
hxbi’id  t\qie  and  were  centered  at  different  frtxiucncies  in  thi*  liand.  .A  wide  rangi' 
of  center  conductors  and  heat  sinks  were  utilized  to  providi-  optimum  circuit 
conditions,  (fains  as  high  as  s dB  ovi'r  Gllz  bandwidths  and  noise  figures  in  the 
‘>-11  ill)  range  in  w ideband,  slightly  lowi-r  gain  (l-(i  dl>)  einuits  ha\c  been  obserxed. 


InP  EPITAXIAL  GROWTH 
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2. 1 INTRODUCTION 


The  PCl^  In,  process  has  been  selected  as  a process  capable  of  producing 
epitaxial  InP  layers  of  high  quality,  high  purity  for  fabrication  of  Gunn  amplifier 
devices  for  Ka-band  (26-40  GHz), 


The  basic  PCl„  process  first  described  by  Clarke  et  al  16  1 has  been  developed 

O 

into  a practical  operation  suitable  for  the  preparation  of  high  quality  epitaxial  InP 
layers , 


The  materials  specifications  for  the  Ka-band  amplifier  are  as  follows: 


-3  , 

Contact  In,yer: 

l-2el7  cm  x 0.5  pm 

Active  Layer: 

l-2el5  cm  x 4-5  pm 

Buffer  Layer: 

l-2el7  cm  x 1-2  pm 

In  the  initial  stages  of  the  contract,  a study  of  the  basic  process  variables 
as  related  to  the  electrical  and  physical  properties  of  epitaxial  InP  was  required. 
An  investigation  of  the  fundamental  relationships  eonccrning  epitaxial  layer  purity 
and  growth  rate  is  the  key  to  control  of  the  process  for  device  quality  epitaxial 
layers. 


2.2  PCI.,,  In,  IL  GROWTH  PROCESS 


I 

1 

i 
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The  PC1„,  In,  II  process  pro\'idcs  the  most  direct  approach  to  high  purity 
InP  growth  available.  The  system  involves  the  smallest  number  of  chemical 
components  along  with  the  highest  purity  of  j)hosphorous  and  HCl  combined.  The 
chemical  transport  from  a phosphorus  saturated  In  source  includes  two  unique 
impurity  segregation  effects: 

1,  A liquid/solid  segregati(ui  eoefficient  which  inhibits  the  transfer  of 

impurities  found  in  the  In  source  liy  their  segregation  from  the  InP 

crust  covering  the  In  source  at  e(iuilibrium. 

[ 6|  R.  C.  Clarke,  B.  I)..Ioyce,  W.H.K.  Wilgor,  Solid  State  Commun. , \ol  s, 
pp  1125-8,  1<)70. 


FREC'iDIMO  PAO&  ELANK-HOT  fIU4.i.D 


2. 


A thermodynamic  equilibrium  between  the  j^roup  IV  impurities  and  tlie 
free  HCl  present  in  the  deposition  staj;e  inhibits  dopant  incorporation 
at  the  s>i’owth  site  from  any  group  IV  impurity  halide  present. 


The  major  reactions  for  the  PCl^  process  are  as  follows: 


500°C 

1.  4 PCI..  + 0 H.. P + 12  HCl  (PCI  reduction) 


4 In  + P 


5 2 

7f)0°C 


4 InP  (x  < 1)  (phosphorous  saturation) 


4 X 

750°C 

4 InP  + 4 HCl  4 InCl  + P^  + 2 H,^  (fundamental  transport  and 


650°C 


deposition  reaction) 


Tlie  similarities  between  the  well  studied  AsCl  process  and  the  PCI,,  technic(ue  arc 

O «> 

great  and  therefore  allow  greater  depth  to  be  undertaken  in  the  latter  technique. 

The  following  similarities  have  been  documented  and  observed: 


1.  Dependence  of  layer  doping  on  metal  source  temperature 

2.  Indium  saturation  and  III-V  crust  formation 
.■>.  PCl.j  mole  fraction  control  techniques 
1.  High  purity  H^  and  reactor  integrity  methods 
■).  Optimum  reactor  design  for  the  growth  of  uniform  doping  and 

film  thickness 

I'sing  the  technical  knowledge  gained  with  K*  years'  e.xpcrience  in  the  ^^sCl^  ^ 

process,  main-  of  the  pitfalls  in  InP  epitaxw'  ha\e  been  avi)ided.  ] 


P [I  YSICAL  PHOCKSS  DKPKNDHNC  KS 

The  epitaxial  growth  rate  in  the  P('l,,  process  is  dependent  upon: 

«) 

1.  Indium  sourei'  tempc'raturt' 

2.  PCI,,  moll-  fraction 

• > 

Mass  transport  eflects  (with  eon.sianl  PCI,,  moli'  fraction) 


t; 


r 


4.  Substrate  temperature 

5.  Thermal  profile  effects 

The  thermodynamics  of  the  reaction  of  InP  with  HCl  have  been  studied  [7,8]  . 
The  results  indicate  a first  order  reaction  similar  to  the  AsCl^  case  [9]  . The 

epitaxial  growth  rate  of  the  PC1„  process  as  shown  in  Figure  2. 1 illustrates  a power 

o 

law  proportionality  with  the  PCI  mole  fraction.  A change  of  lOX  in  the  PCI  mole 

3 3 

fraction,  which  is  defined  by  moles  of  PCI  divided  by  the  sum  of  the  moles  of  PCI 

3 3 

and  results  in  a three  order  of  magnitude  change  in  net  carrier  concentration. 

Any  change  in  the  PCI  concentration  results  in  a direct  change  in  growth  rate.  The 
3 

AsCl^  process  has  been  shown  to  be  free  of  growth  rate  changes  over  factors  of  3X 

in  AsCl,  concentration  [ 10]  . The  mass  transport  effects  are  evident  in  Figure  2.2 
3 

where  mass  transport  (flow  rate)  is  plotted  against  growth  rate  showing  a linear  re- 
lationship, characteristic  of  mass  transport  limited  processes  (e.g.  SiCl  , GeCl  , 
etc).  Again,  the  -^sCl^  process  has  been  shown  to  be  free  of  growth  rate  changes 
over  a factor  of  GX  in  flow  rate  | 10)  . Both  of  these  effects  predominate  in  the  con- 
trol of  growth  rate  by  the  PCI  in'ocess.  Excessive  In  source  temperature  play  a 
minor  role  in  growth  rate  enhancement  and  contribute  to  higher  net  doping. 

The  shape  of  the  thermal  profile  is  critical  to  the  stabilitj’  and  maintenance 
of  the  InP  crust  formation.  Gradients  in  the  In  source  region  lead  to  less  than 
complete  InP  crust  formation  and  permit  the  loss  of  crust  under  marginal  PCl^ 
ininit  conditions.  As  in  the  AsCl.^  process,  adc><iuatc  group  V saturation  is  an  abso- 
lute necessity  in  maintaining  the  In/P  ratio.  Once  the  InP  crust  is  esUiiilishetl,  the 
In/P  ratio  is  fixed  throughout  the  entire  dtposition  se((uence.. 

Thermal  profiles  in  the  deposition  region  are  critical  for  uniform  layer  growth. 
Graded  thermal  profiles  pnxluee  nonuniform  layers  due  to  tlie  exiionential  growth 
rate  impedance  on  temperature.  Our  'vorU  with  flat  deposition  profiles  has  shown 
uniform  layer  growth  similar  to  the  AsCl  ^ ease  (see  Section  2. 3). 

I 7|  I).  \V.  Shaw,  J,  Phys,  Chem.  Sol.  vol  3(i,  pp  11-8,  1975. 

I 8)  II.  Seki  and  S.  Miragawa,  Jap.  J.  .\i)pl.  Phys.,  vol  11,  p|)  850-1,  1972. 

( 9|  I).\V.  Shaw,  J.  Crys,  Growth,  vol  8,  pi>  117-128,  1971. 

1 10]  H.  Fairman  ami  H.  St)loman,  J.  Klectroehem,  Soe.  vol  120,  pi>  531-4,  1973. 
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Figure  2. 1.  Epitaxial  Growth  Rate  Dependence  of  PCI,  Molar  Fraction 
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-•1  VAiUAm.i:s  Ai'i'ix'TiNc.  i:  u:c'i'iu(\\  I.  Pi;niM:i!Tii:s 

NA't  dopin';  and  purity  are  inniu'iiced  by  the  lollnwinf;  factors. 

1.  I’Cl  mole  fraction  dependence  of  net  doping. 

O 

2.  n_,S  backdopin;;  and  effects  of  PCl,^  mole  fraction 

:>.  Foreign  impurity  effects  ' 

The  PC1.J  mole  fraction  effect  on  net  carrier  concentration  reported  by 

Clarke  | 11|  shows  a major  change  in  net  carrier  concentration  produced  by  minor 

changes  in  the  PCI.,  mole  fraction. 

«) 

Fif^urc  2.2  shows  PCl,^  mole  fraction  dependence.  Data  from  Clarke  are 
shown  alony  with  data  from  two  Varian  reactors.  The  PCl^^  mole  fraction  effect  is 
similar  to  that  encountered  in  the  AsCl.,  lU'ocoss  1 12|  . The  mechanism  for  the  .\sCl, 
mole  fraction  effect  is  believed  to  Ijc  a thermodynamic  one  involving  the  f;cneration  of 
chlorosilanes  from  IlCl  reaetions  with  (|uartz  at  hi<;h  temperatures  and  subseciuent 
iiUeraetion  with  IICI  eonc'entrations  at  lower  ileposition  temperatures  ( id,  M(  . This 
thermodynamic  ai'i;ument  also  applies  to  other  g,roup  IV  impurities  anti  has  been 
ol)ser\ed  experimental  1,\  | Idl  . It  is  postulated  here  that  the  same  residual  im|)urity, 

Si,  is  also  responsible  ft)r  tlie  l)ack^round  doping;  dei)endence  observed  in  the  P^  l^^ 
mole  Iraction  effect.  The  mole  fraction  mcthotl  interacts  with  all  of  the  available 
impurities  present  and  should  only  be  used  for  doping;  concentrations  that  are  several 
limes  tlie  normal  minimum  backf>round  dopiiif;.  However,  the  best  uncompensated 
epitaxial  material  j;rown  to  date  lias  been  ^rown  usin^  the  mole  fraction  dopin';'  control. 

Haekdoi)in.t;'  witli  ll.^S  is  a much  more  controllable  process,  as  the  major  tlopint; 

is  set  l).v  aeeurately  limiting  the  ll^S  concentration  with  mass  flow  control  systems. 

Under  thesi'  conditions,  the  back^;round  dopinj;  should  be  less  than  10"'  of  the  intended 

doping  in  order  to  be  free  of  variable  background  dopinn  effects.  Remote  programming 

of  c()itaxial  layer  dopinj;  lain  easily  be  aeeomidished  as  was  done  in  \’PK  Ga.\s. 

I 111  H.  C.  Clarke,  ,1.  Crys.  (irowlh,  vol  2d,  pp  l()(i-8,  lil7  1. 

I 12|  H.  Cairns  and  R.  Fairman,  ,1.  Idectroehem . .Soe.  vol  15,  pji  ;127C,  I'.tiiH. 

1 1d|  -I.  V.  l)i  .Lorenzo,  .1.  Crystal  (irowth,  vol  17,  pti  ls;i-20(i,  P.t72. 

I 14|  M.  L.  We.iner,  >1.  hleofrochem.  .Soe.  vol  IIP,  pp  Rxi,  1P72.  , 

[ L)1  ,1.  V.  I)i  Lorenzo,  (i.  I..  Moore,  .Ir.  .ind  .A.  K.  Maehala,  ,1,  Lleetrochem . Soe, 

vol  117,  pp  102C,  I‘.I7U, 
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Figure  2. 3.  PCL  Molar  Fraction  Dependence  of  Net  Carrier  Concentration 


The  major  foreign  impurities  present  are  Zn  and  Other  workers  have 
observed  Cd,  Hg,  Cu,  Bi  and  Mn  by  photoluminescence  measurements  at  2°K  1 IG  1 • 

In  the  present  work,  photoluminescence  measurements  are  made  routinely  on  all 
VPE  InP  layers  at  77°K  in  order  to  evaluate  the  relative  Zn  impurity  concentration 
in  these  films. 

At  this  point  in  our  wt>rk,  we  liave  experienced  two  different  sources  of  Zn. 

The  i)9,9{)99";,  purity  In  metal  from  Comineo,  Alusuisse,  Mining  and  Chemical 
Pro<.lucts,  LUl. , ami  Johnson-Matthey  all  contain  trace  (ppb)  ciuantities  of  Zn.  A 
composite  figure  (2.  1)  shows  the  measureil  photoluminescenee  emission  due  to  Zn 
impurities.  The  Johnson-Matthey  Grade  A-1  In  is  the  only  source  of  In  available 
with  low  Zn  concentration. 

In  our  initial  work,  the  (l-9s  In  metal  was  purified  by  the  following  teehni(iue: 

1.  Air  oxidation  to  form  impurity  oxides 

2.  Di'canling  the  molten  In  away  from  the  resultant  oxides  into  a care- 
fully purified  graphite'  boat 

Ilydrogi'ii  firing  at  90l)°C  for  72  hours  in  TUP  11.,  to  remove  dissolved 
()  ,,  residual  In./),,  and  Zn  by  evaporation 

The  resuiUint  In  was  loadeel  into  a VPK  reactor,  while  contained  in  a Spectro-sil 
(luart/  l)oat,  and  fired  again  overnight  to  remove  oxides  formed  eluring  the  transler 
of  the  i)ure  metal  to  the  reactor. 

The  results  of  this  purifii’afion  are  shown  in  the  composite  photoluminescenee 
scans  ol  l•'igu^e  2.1.  Additional  (luanlilies  of  Zn  were  I'ncounti'i’cd  later  from  a (piart/. 
reactor  tube  which  had  l)een  contaminated  with  Zn  during  fabrication  in  the  glass 
shop.  By  eliminating  the  contaminated  (juartz,  the  Zn  level  returned  to  the  previous 
l)ackground  Icvi'l.  Ilg  is  often  ol)served  in  the  photoluminescenee  spectra  of  the 
first  deposition  from  a new  G-!)  In  soui'ct',  l)Ul  is  no  lonc.cr  ik'tectcd  l)y  the  second 
deposition. 

1 Kil  !■:.  \\  . Williams  et.  al.,  J.  KIcctrochem . Soc.  vol  120,  pp  1711,  1979. 


A*  0 I 


Figure  2.4.  VPE  InP  Photolu  mine  see  nee  at  77°K 


(The  vertical  scale  represents  linear  intensity.  The  two 
bottom  spectra  are  measurements  made  on  high  purity  indium.) 


Oxygen  is  a deep-level  impux’ity  tliat  cannot  be  detected  by  photoluminescence 


at  77°K.  Subseejuent  effort  has  been  directed  towards  capacitance  decay  measure- 
ments in  order  to  establish  the  true  energy  level  and  concentration  in  compensated 
InP  layers.  Infrared  measurements  of  air-exposed  PCI  sources  showed  evidence 
of  PfX-'l.j  formation,  which  exhibits  approximately  1/4  of  the  total  vapor  pressure 
and  therefore  cannot  be  removed  by  purging. 

Since  the  air  contaminated  PCl.^  had  become  a constant  source  of  O ^ doping, 
a gas-tight  N glove  box  was  used  to  eliminate  the  O contamination  encountered 
during  the  PCl^  transfer,  and  a gate  valve  is  being  designed  to  reduce  the  reactor 
contamination  during  substrate  loading  operations. 

.\n  analysis  of  the  tlcep  level  contaminants  was  made  using  \'an  dcr  Pauw 
Hall  mobility  of  the  following  samples. 

Tvpe; 

1.  Karly  runs  witli  .Musuisse  G-9s  In  and  dopeil  PCI,, 

2,  Alusuisse  (j-9s  In  and  0„  free  PCI,, 

Z o 

Johnson-Matthey  fi-9s  In  and  free  PCl.^ 

1.  Alining  and  Chemical  Prcxlucts  G-9s  In  and  free  PCI,, 

Table  2. 1 shows  the  complete  carrier  freeze-out  effects  at  77°  K for  type  (1) 
samples  containing  the  greatest  concentration  of  O,^.  Type  (2)  ami  (2)  samples  with 
different  In  purities  indicate  a different  degree  of  carrier  freeze-out.  Other  deep 
le\('l  impurities  not  detected  by  photoluminescence  or  mass  spectroscopy  could  be 
responsibk’  for  the  minor  freeze-out  effects  at  77 °K. 

A ma,jor  distinction  in  the  resultant  InP  la,\  er  puritv  as  related  to  the  source 
oi  high  purit,\  tn  metal  can  be  seen  by  plotting  free  carrier  concentration  vs  Hall 
mobility  at  77°K.  A comparison  with  calculated  compensation  curves  by  Kcxle 


It 
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Table  2.1 

VAN  DER  PAUW  HALL  MOBIUTY  VPE  InP 

Sample 

^ H300  J H77»  K N -N  300/77"K  (cm“^ 

(cm  /v-sec)  D A 

G-2 

5480/NA 

1.7el4/NA 

Alusuisse  G-9s 
indium 

11-1 

r)470/4  2,000 

5.  Icl5/. Iel5 

11-2 

47G0/37, 720 

1. 7cl5/5. 2el4 

Alusuisse 

11-3 

3900/23,550 

1.9elG/3. 7el5 

G-9s  indium 

14-1 

4140/20,870 

1.49elG/l. lelG 

14-2 

4980/25,  GGO 

8.Gel5/7.0el5 

Johnson- Matthey 

14-3 

4G70/3G,470 

2.7el5/2.4el5 

G-9s  indium 

14-4 

4370/37,  570 

2.2el5/l.9el5 

17-1 

GOGO/140, 220 

1.2el3/l.3el3 

Mining;  and  Chemical 
Prcxlucts,  Ltd. 

(i-9s  indium 

17-3 

5180/73,950 

5.8ell/5.5el4 

iMiiiinj;  and  Chemical 
Products,  Ltd. 

()-9s  indium 

22-1 

4()20/54,480 

1.45el5/1.33el5 

Jolmson-Matthc>- 
G-9s  indium 

32-2 

4850/89, 100 

G. Gel 1/G. Sell 

Johnson- Mattliey 
G-9s  indium 

32-3 

4G30/G 1,090 

8.9ell/7.3ell 

Johnson- Matthey 
G-9s  indium 

SR7-1 

1700/00,050 

1.58el5/l.69el5 

Johnson- Mattliey 
()-9s  indium 

I 
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(Fi';ui’e  2.5)  shows  the  highest  purity  In  (Johnsoi\- :\l;itllu  \ ) to  tit  a 1.25:1  eompensatioa 
eiirve  and  2 In  (/Vlusuisse)  titting  a 2:1  eompi  nsalion  nnxlcl.  The  l;imil\  ot 
eurves  are  lines  of  constant  toUil  impurity  eonemilration  cliv  ided  by  net  free  earricr 
eoneentration. 

As  a result  of  lower  eompensatioa  with  tjpe  (5)  In,  the  net  carrier  concentration 
has  inercased  an  order  of  magnitude  for  the  same  PCI  mole  fraction  used.  This 

O 

increase  in  net  doping  is  real  and  responsible  for  the  lack  of  deep  level  compensation. 

A goexi  agreement  has  been  shown  between  the  PCl^^  mole  fraction-net  doping  for  two 
VPE  InP  reactors  using  the  same  purity  constituents  as  in  Figure  2.3, 

The  dependence  of  doping  efficiency  on  substrate  temperature  appears  to  be 
a second  order  effect  based  upon  preliminary  e.KiJerimcnts  in  the  range  of  G20-(!60°C. 

.Additional  effort  will  bo  taken  to  reduce  the  background  doping  of  the  system  to  a 
ma.ximum  of  10^^  cm  ^ to  allow  the  growth  of  lightly  doped  la3'ers  and  to  assist  in 
the  baekdoping  control  with  Il^S. 

.A  summary  of  the  high  purity  InP  data  is  shown  in  Figure  2.(i  as  Hall  molnlity 
vs  net  earricr  concentration  for  300  and  77°K. 

KpiUixial  film  doping  uniformitj'  was  measured  on  sample  SSW.15-2  in  order 
to  eharaetcrizc  the  present  epitaxial  process.  The  net  doping  measured  by  C-\’ 
nu'tluxls  at  77°K  has  been  reduced  and  is  shown  in  Table  2.2. 

1 

2.5  MASS  TRANSPORT  UMITED  (IHOWTH  EFFECTS 

Recent  data  [17|  liavc  showm  the  PCI,,  In,  11  process  to  Ijc  mass  transi)ort 

.1  2 

limited.  The  PCl.^  mole  fraction  dependenec  of  growth  rate  is  shown  in  Figure  2.1. 

Tliesc  gross  changes  in  epitaxial  growth  rate  for  InP  have  suggested  other  than 
kinetic  growth  rate  limiUitions.  Exiu'riments  with  constant  PCl^  mole  fraction, 
sui)stratc  and  source  temperatures  h;iu'  ^ liowni  ;i  linear  relationship  between  gi'owtli 

1 17|  R.  C,  Clarke  and  E.  E.  Taylor,  .1.  Cr\stal  Crow  tli,  vol  31,  pp  li)0-(>,  H*70. 
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Concentration  Dependence  of  77^K  Hall  Mobility 


Table  2.2 


DOPING  UNIFORMITY,  PCI  MOLE 
FRACTION  CONTROL  SSW  15-2  (100),  n/n"^ 


-3 

Avg  Nj^-N^  (cm  ) 

Diode  Location 
(Evaluation  donuts  are 
located  in  a square  grid 
pattern  with  0.080"  centers) 

Uniformity  in  Doping 
Profile  % 

9.95el5 

2,  5 

+ 7.G'’o 

1. lOelC 

2,9 

5.8“:, 

l.OlelG 

3,2 

4,G“; 

1. 12elG 

4,5 

5.8“„ 

9.75el5 

7,2 

2.8“'o 

9.G0el5 

7,9 

4 . G“; 

1. 15el6 

9,G 

4.0“; 

1. lOelG 

10, 12 

3.G“: 

9.20el5 

11,1 

G.0“o 

1 . 08clG 

12,  3 

3.4“^' 

k'g.  l.OaelG  + 7.5'’L 

avg.  4.8“' 

rate  and  mass  transport  lor  (100)  InP.  The  control  of  aljsolutc  growth  rate  is 
extremely  critical  for  the  reproducible  preparation  of  layers  suitable  for  Ka-l>and 
amplifiers;  the  adtlition  of  mass  transport  limited  growth  rate  adds  an  essential 
dimension  of  control  to  the  process. 

The  uniform  thermal  profile  renjuirements  sought  for  control  of  uniform 
growth  rate  across  the  substrate  can  l)C‘  evaluated  by  epitaxial  film  thickness 
measurements  in  the  direction  of  gas  flow . The  AT  across  a 1-2  cm  substrate 
is  less  than  0.5°C.  Measurements  of  sani|)le  SS\VT5-2  have  revealed  the  following: 

SAMPLE  AVG  LAYER  THICKNESS  (am)  a m)  j 

SSW15-2  5. 55  pm  ± 0. 25  pm  +4.  P’n 


1<) 


The  above  tlala  fit  well  with  the  ll-S®’-,  variations  ol)servecl  in  the  GaAs  VPE  process 
usin^'  the  same  flat  profile  method. 


y 


2.()  GROWTH  OF  ACTIVE  DEVICE  STRUCTURES  AND  CONTACTS 

Tlie  stud}'  of  basic  process  variables  has  allowed  the  growth  of  uniform, 
device  quality  epitaxial  films  that  are  now  relatively  free  of  traps  and  crystalline 
imperfections. 


A comparison  of  Ijaekdoping  techniques  with  PCI  mole  fraction  control  vs 

O 

vapor  doping  with  H^S  was  made.  The  mole  fraction  control  method  utilizes  a 

thermodynamic  mechanism  which  controls  the  halide  stability  at  the  crystal  growth 

site.  It  regulates  the  doping  by  interacting  with  all  of  the  impurities  present.  If 

the  predominant  impurity  is  an  acceptor  which  has  a stable  halide,  it  will  regulate 

the  net  acceptor  doping  as  well  as  the  net  donor  concentration  in  an  n t}’pe  system. 

In  the  PCI  , In,  II,  process  the  residual  dopant  is  Si  from  the  quartz  reactor 

3 2 i 

construction.  | 

I 

The  ^ ratio  vs  the  trichloride  mole  Iraction  is  not  a constant  in  the 

GaAs  process  and  most  likely  is  not  in  the  PCl.j,  In,  system  as  well.  By  fixing 
the  PCI.,  mole  fraction  and  introducing  a vapor  dopant  such  as  II,  S,  the  acceptor 
concentration  remains  at  a minimum  and  greater  control  can  be  achieved  over 
compensation.  The  heavily  doped  contacts  arc  also  more  easily  produced  with  vapor 
doping. 


15  -3 

Tlie  growth  of  uniform  impurity  profiles  at  > 10  cm  can  be  attained  Ijy 

14  -3 

either  approach  while  those  < 10  cm  retpure  gi-eater  control  of  the  liaekground 

doping.  Autodoping  from  tlie  buffer  layer  is  a major  deterrent  to  the  mole  fraction 

15  -3 

method  when  growing  < 10  cm 


Prolilcms  associated  with  i layers  at  the  sulislrate  epi  layer  interface  early 
in  the  program  have  been  attributed  to  the  ftillowing; 
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1. 
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Surlaco  impurity  ion  diffusion 
Structural  imperfections  of  the  interface  region 

3.  Diffusion  of  foreign  impurities  originating  from  the  substrate 

1.  Vacancy  effects  of  the  interface  region. 

All  of  the  previous  difficulties  Imve  been  completely  resolved  by  the  growth 
of  a buffer  layer  doped  to  1-2  x 10^”  cm  When  lightly  doped  active  layers  are 
grown,  the  exact  (.oping  parameters  for  the  buffer  layer  become  more  critical  in 
InP  growth.  An  example  of  the  active  layer-buffer  layer  interface  is  shown  in 
Fig-ures  2.7  and  2.8. 

Notch  profiles  luivc  l)cen  approached  with  this  system.  The  results  have 
sliown  a doping  spike  at  the  buffer  layer-active  layer  interface  caused  by  inadequate 
control  over  vapor  etching  Ijctwecn  the  two  layers.  Additional  equipment  will  be 
rwiiiircd  to  solve  this  pi-oblem  and  its  installation  will  be  delayed  into  tlie  remain- 
ing portion  of  the  contract. 

Our  recent  work  involving  tlie  control  of  Ijackground  inpurity  levels  has 
allowed  the  use  of  higher  PCI,,  molar  fractions  wiiich  are  essential  in  permitting 
the  control  and  reprcxlucibility  of  low,  intentional  backdoping. 

Much  of  the  success  in  reducing  tlie  acceptor  levels  was  due  to  the  reduction 
of  residual  Zn  in  the  indium  source  and  elimination  of  of  a contaminant  in  the 
PCl,^  and  indium  metal  source. 

The  fitting  of  recent  Hall  mobility  daki  to  Figure  2.5  (Carrier  concentration 
dependence  of  Hall  moliility  at  77°  K by  Rode)  illustrates  the  extension  of  uncompensatiHl 
epitaxial  growth  down  to  mid-10^*  levels  without  increasing  the  compensation 
ratio  (1.25:1). 

The  major  portion  of  our  work  will  involve  the  further  development  of  low 
II  "**) 

dopexi  (<  ;5  X 10  cm  ) triple  layer  structures  with  closel.v  controlled  lengths 
and  maximum  contact  doping. 
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MATERIAL  EVALUATION 


3 . 

The  InP  layers  grown  were  evaluated  by  capacitance  voltage  (C-V),  Van 
der  Pauw,  and  photoluminescence  (PL)  measurements.  The  carrier  concentration 
profile  is  obtained  from  C-V  data,  the  mobility  and  carrier  concentration  from  the 
Van  der  Pauw  measurement,  and  the  impurity  levels  from  the  PL  measurement. 

3.  1 CAPACITANCE  VOLTAGE 

The  built-in  potential  of  the  Au-InP  Schottky  barriers  was  determined  to  be 
-2 

0.23  eV  by  C vs  V plot  as  shown  in  Figure  3. 1.  Because  of  the  low  barrier  height 

for  the  metal  to  InP  Schottky  barrier  junction,  only  p and  n layers  doped  in  the  range 
15 

of  less  than  10  have  been  successfully  probed  by  reverse  bias  capacitance  measure- 
ment at  room  temperature.  One  way  to  circumvent  this  problem  is  to  use  a metal- 
insulator  semiconductor  structure  [181  instead  of  a metal  semiconductor  jmiction. 
However,  for  the  mm-wave  applications,  the  required  device  thickness  is  small, 
and  growing  and  removal  of  a thin  oxide  layer  on  the  semiconductor  is  undesirable 
as  well  as  time  consuming.  Instead,  the  Au  InP  Schottky  barrier  system  was  used  • 
to  obtiiin  the  C-V  data  at  77°K.  Because  of  the  low  temperature,  the  reverse  leak- 
age current  of  the  junction  is  low  enougii  to  make  the  C-V  measurement.  In  order 
to  clieck  out  the  validity  of  the  low  tcmi)crature  measurement,  tlie  same  junction  was 
measured  on  a modified  Boonton  capacitance  Ijridgc  at  room  temperature.  With  tlie 
modification  of  the  bridge,  the  leakage  current  of  a device  can  lie  tolerated  dowm  to 
Q = 1 (real  part  ecjual  to  reactive  part  of  the  dicxlc  impedance).  From  a tyjiical  Au-InP 
Schottky  diode,  tlie  (j  of  the  device  varies  around  1 from  V = 0 to  about  0.2  V,  and 
is  abov'e  1 from  V = 0.  :>  V up  to  almost  breakdown!  voltage.  InP  wafers  which  did  not 
show  any  carrier  free/.e-out  showed  the  carrier  concentrations  taken  at  room  and  the 
li((uid  nitrogen  temperatures  to  be  identical  within  limits  of  ne  asurement  error  as 
indicated  in  Figure  3.2.  This  indicates  that  tlu'  dominant  carrier  density  occurs 
with  shallow  states  and  with  very  little  deej)  h'vcl  compensation,  which  is  represen- 
tative ot  high  quality  cjiitaxial  InP.  The  same  behavior  was  obtained  from  both  waft'rs 
grown  by  either  mole  fraction  or  S doping  control. 

I 18|  M.J.  Caldwell  and  R.  Peart,  "Measurement  olfarrier-Coneentration 

profiles  in  ('pitaxial  indium  phosphide,"  Fleelronies  letters  \ol  !i,  pp  ss-sp,  ipT 
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Tlic  All  Schottk>'  barriers  used  for  wafer  evaluation  have  shown  some  sij;ns 


of  intermetallic  diffusion  in  InP.  Wlien  a previously  ev'aporated  chip  is  first  stripped 
of  All,  the  wafer  surface  shows  no  real  preferential  etching.  After  the  same  wafer 
is  etched  in  a Rr-methanol  etch,  the  Schottky  barrier  pattern  reappears  due  to 
preferential  etching  of  tlic  contacted  areas.  The  Au  evaporation  employs  substrate 
temperatures  < 200°C,  but  preferential  heating  by  radiation  could  well  alfcet  the 
metallized  regions. 

Because  of  the  above  problem,  aluminum  was  chosen  as  alternate  barrier 

metal.  It  has  yielded  a barrier  height  nearly  as  goixl  as  Au  when  processeil  in  our 

ion  pumped  evaporator.  Tlie  Al  barriers  were  later  removiKl  with  the  commercial 

gold  stripper,  with  excellent  results  and  no  evidence  of  diffusion  or  preferential  etching. 

The  Al  barriers  were  evaluated  by  measuring  the  built-in  voltage  as  determined  from 
2 

l/C  plots  of  voltage  as  shown  in  Figure  ;5.2. 
d.  2 VAN  DEU  PA UW  MEASUREMENT 

The  carrier  freeze-out  was  detected  by  the  Van  der  Pauw  measurement  as 
well  as  the  C-V  measurement.  Tin  and  AuGeNi  contaets  were  used  on  a e lover 
shapi-d  Van  der  Pauw  sample.  Tin  contacts  were  used  for  tliick  sample 
evaluation  and  the  AuGeNi  contacts  for  thin  samples.  In  Table  2. 1 the  Van  der  Pauw 
data  are  presented  for  runs  with  two  different  In  sources,  indicating  a basic  In 
purity  difference  which  relates  to  carrier  freeze-out.  As  was  expected,  devices 
fabricated  from  the  wafer  which  showed  the  carrier  freeze-out  did  not  work  well 
in  the  cw  mode. 

Some  difficulties  were  observed  in  measuring  samples  less  than  3 pm  thick 
due  to  built-in  ilepletion  layers  from  surface  and/or  substrate  active  layer  inter- 
faces. This  effect  was  circumvented  liy  ga'owing  samples  thicker  than  3pm  to 
reduce  the  measurement  error. 
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3.3 


PHOTO  LUMINESC  ENC  E 


Photoluminescence  measurements  at  77°K  were  used  for  routine  screening 
of  epitaxial  films  for  shallow  acceptor  levels.  A chopped  Ar  laser  was  used  to 
excite  the  states  anct  a cooled  S-1  detector  was  uscxl  to  detect  the  photoluminesccnce 
emission.  This  technique  is  sensitive  only  to  acceptor  conduction  band  transitions 
with  energy  greater  than  1.0  eV.  The  main  impurity  level  observed  from  this 
measurement  was  Zn.  The  incorporation  of  Zn  has  been  correlated  with  the  In 
purity  parameters.  An  example  of  spectra  as  a function  of  growlli  parameters 
(in  this  case,  purity  ot  In  metal)  is  shown  in  Figure  2.1.  Wafers  exliibiting  carrier 
freeze-out  at  77°K  cannot  be  used  for  cw  devices.  The  shallow  Zn  level  is  not 
responsible  for  carrier  freeze-out.  Other  undetermined  deep  level  (or  levels) 
is  causing  the  freeze-out.  A wafer  suitable  for  cw  device  operation  showed  no 
significant  acceptor  (Zn)  levels  from  the  PE  measurement  and  minimal  carrier 
freeze-out  as  shown  by  C-V  measurements  made  at  room  temperature  and  V7‘"K. 
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4.  2(5.5-40  GHz  DEVICE  DESIGN  AND  E A B H I ("  A T I O N 

4. 1 DEVICE  DESIGN 

The  utilization  of  InP  for  cw  transferred  electron  amplifiers  in  the  millimeter 
wave  region  has  demonstrated  significant  performance  improvements  over  the  more 
wideiy  utilized  GaAs  devices.  In  pai’ticular,  InP  is  a superior  material  for  this 
api)lication.  Figure  4. 1 shows  a theoretically  genei’ated  plot  of  hot  electron  diffu- 
sivity  as  a function  of  electric  field  f 10,  20|  . The  difiusion  coefficient  D for  InP 
is  considerably  less  than  that  of  GaAs  at  electric  fields  in  the  1.5-2  times  thre^;hold 
range.  Since  the  diffusion  coefficient  is  a measure  of  statistical  variation  in  the 
electron  velocity,  high  diffusion  results  in  high  noise.  This  low  diffusion  coefficient 
in  InP  is  a conscciuence  of  strong  polar  and  interval  ley  scattering  above  threshold 
1211.  From  Figure  4. 1 it  is  evident  that  for  both  materials,  the  region  around 
threshold  should  Ije  avoided  for  low  noise  operation.  This  is  a conswiuence  of  the 
random  nature  of  interval  ley  scattering  wliich  predominates  about  the  threshold 
field. 

A cjuali'/iti ve  noise  timiperature  can  be  dcfiiu'd  by  1 221  • 

kT  , _11  (1) 

q ^ |d| 

where  p is  the  tlifferential  negative  mobility.  At  the  outset  of  InP  studies  and 
predictions,  it  was  not  ap[)arenl  which  of  these'  factors  would  lu'  most  dominant,  but 
e.xperimcntal  results  made  clear  that  the  noise  figure  of  InP  transferrc'd  electron 
ami)lifiers  was  far  lower  than  ('cpiivah'iit  (iaAs  (h'vices  [ 2;>,2I|  . Noise  figures  a."^ 
low  at  7.5  (IB  W'cre  reported. 

[ 1!)|  W.  Fawcett  and  G.  Hill,  Elect.  Ec'lt.  vol  11,  1975 

[20)  W.  Fawcett,  A.D.  Boardman  and  .S.  Swain,  .1.  Phys.  ('lu'in.  .Sol.  vol  .11, 
pp  19G;’.-199(),  1970, 

(21|  C.  Hammar  and  B.  Vinter,  Elccl.  9,  pj)  9-10,  197.1 

I 22|  H.  Krocmer,  ECOIM  Uci)ort,  Et’O.M-oo  Hi- F,  Contract  No.  DAAB07-7  l-C-oolO,  1974. 

I 2;i|  S.  Baskaran  and  P.  Uob.son,  Elccl.  I.(  lt.,  s,  pp  i:i7-.s,  1972. 

I 24|  P.  VV.  Braddock  and  K,\V.  Gray,  Elccl.  Ecll,,  9,  ;>(l-7,  19715. 


At  the  outset  of  the  present  effort,  it  was  evident  that  the  successful  realiza- 
tion of  the  device  performance  objectives  was  dependent  upon  estixblishinj;  strict 
control  over  the  material  quality,  carrier  concentrations  and  length.  Therefore, 
the  majority'  of  the  effort  spent  in  the  first  eight  months  of  this  one-year  program 
was  directed  toward  providing  this  level  of  cai)ability  as  described  in  the  pn'ccding 
sections.  This  is  particularly  aj^parent  from  the  strong  predicted  relationship  lx  — 
tween  active  region  iiL  product  and  noise  measure  as  shown  in  Figure  4.2  [ 51  . 

Well  controlled  doping  profiles  in  the  1 .x  10^^  to  1 x 10^'^  cm  range  are  needl’d 
to  approach  theoretical  limits  of  noise  in  the  2(1  to  40  Gllz  range  for  a conventional 

+ 4 

n -n-n  structure. 

The  strong  predicted  relationship  between  nl.  product  and  device  noise  mea- 
sure can  be  understood  b>-  consideration  of  the  dynamics  t>f  charge  accumulation  in 
the  active  region.  .\n  analytical  solution  of  a simplified  case  has  l)ecn  discussi’d  in 
depth  by  Robson  i 25|  . In  his  ai)proach,  the  noise  mcasui’c  is  defined  through  an 
effective  noise  tcmpi'raturc 

,1  _ ''II  , ViZ’  (4 

- * -I,  - ii-tJhciI 

2 

whcl’c  \’n  is  the  im-an  square  open  circuit  noise  \oltagc  due  to  Johnson  noise  in  the 

semiconductor  and  | R(a)  1 is  the  magnitude  of  tlu'  dci  ice  negatixe  resistance.  Botli 
. ) 

Vn  and  R(j.)  are  functions  of  tlu-  nl,  product  since  the  amount  of  growth  or  accumula- 
tion occurring  in  a idiargc  pulse  while  in  transit  is  iiroportional  to  the  fixed  charge 
density  and  the  transit  time  i)y  .■  growtii  factor  defined  as 


This  is,  of  course,  also  verv  dependent  on  the  electric  field  througii  I p I and  \'  . 

' o 

The  voltage  across  the  dex  iee  terminals  xxhieh  is  a result  of  tlu'  eliarge  in-transit  i> 
1 25|  . P.N.  Robson,  The  Radio  and  Fleetronic  Kngincer,  14  pp.  552-5(17  (RtT  l) 
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NOISE  MEASURE  V Ool  PRODUCT  InP 
• CW  A Pulsed 

Figure  4.2.  Variation  of  Minimum  Noise  Measure  M with  nl  Product 
for  Various  Uniform  Fields 
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related  to  a device  impedance  in  the  frequency  domain  by  the  Fourier  transform.  It 
is  through  this  calculation  that  the  impedance  field  method  of  Shockley  et.al.  [ 26] 
is  related  to  the  mean  square  noise  voltage.  The  noise  voltage  decreases  more 
rapidly  with  decrease  in  nL  than  the  device  negative  resistance,  hence  the  overall 
reduction  in  noise  measure  as  the  nL  product  is  reduced. 

When  the  influence  of  hot  electron  diffusion  is  included  in  the  analysis,  the 
negative  resistance  decreases  more  rapidly  at  low  nL  products  than  Vn^,  hence  the 
minimum  noise  measures  shown  in  Figure  4.2.  A more  practical  limit  is  reached 
sooner  than  this,  however,  due  to  the  loss  of  negative  resistance  and  consequent 
difficulty  in  achieving  useful  reflection  gains  over  broad  bandwidths.  For  further 
details  on  noise  in  TEA  devices,  the  reader  should  consult  one  of  Robson's  papers 
( 5,  25,  271  . 

In  the  present  effort,  two  device  structures  have  been  evaluated  as  shown  in 
Figure  4.3.  Figure  4.3a  shows  an  idealized  doping  profile  for  an  n^-n;  buffer-active 
diiect  metal  contact  structure.  This  device  ty]Je  uses  an  alloyed  Au-Ge/Ni  ohmic 
contact  directly  on  the  epitaxial  active  layer  as  a cathode.  The  other  type  structure, 
shown  in  figure  4,3b,  consists  of  three  setiuentially  grown  layers  in  an  n^-n-n', 

L -i'fer  active  contact  secjuence.  In  this  case,  the  cathofle  is  located  at  the  n’^-n 
interface  between  tlie  contact  active  or  bul'fer  active  regions,  dc|5cnding  upon  the 
|)olarity  of  operation. 

Comparisons  ol  these  two  tlevicc  txqies  l)v  rf  iicrformance,  described  in 
Section  have  been  indeterminate  due  to  the  much  stronger  depc'ndcnce  of  per- 
lormance  on  doping  level  and  lengtli.  A summary  ol  water  properties  growu  for  the 
25,5  to  40  GHz  amplifier  application  i.s  gi\cn  in  Figmre  J.  1.  Mere,  net  carrier  con- 
centration is  plotted  against  active  layer  iciigth.  Uncs  of  constant  nL  product  are 
drawn  in  for  reference. 

( 2(i|  . W.  .Shockley,  J,  Co|)eland  aiul  K.  .lames,  "c^iantum  Theory  of  Atom 
Molecules  and  .Solid  .Sbite",  Ae-idemie  I’ress,  New  York  lOOC. 

(2/|.  ,J.  L.  Sitch  and  P.N.  Robson,  II!I:k  Trans,  on  Elect.  Dev.  ED-23,  pp 
(lOTO), 

35 


DISTANCE  FROM  SURFACE  (pm) 


Figure  4.3.  Idealized  Doping  Profiles  of  Two  Ka-Band  InP  Structures 

(a)  Buffer  Active  n'*'-n  Direct  Metal  Contact 

(b)  Triple  Layer  n‘‘‘-n-n'*' 
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Figure  4.4.  Wafer  Doping  and  Length  Summary 
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As  a result  of  the  wafers  grown  and  evaluated  for  this  program,  certain 
general  conclusions  can  be  inferred  from  the  rf  testing  described  in  Section  5. 

It  was  observed  that  reflection  gain  in  the  26,5  to  40  GHz  band  could  Ijest  be  ob- 
tained using  wafers  with  active  layer  lengths  from  4.5  to  6 gm.  The  majoritj' 
of  tlie  wafers  evaluated  had  thicknesses  at  the  lower  end  of  this  range  and  yielded 
peak  performance  in  the  34-40  GHz  range.  Active  layer  lengths  of  4.5  to  6 gm 

7 

are  longer  than  would  be  expected  from  an  effective  transit  velocity  of  1.3  x 10 
cm/sec,  but  this  probably  is  indicative  of  the  more  pronounced  relaxation  effects 
in  InP  which  would  contribute  to  a longer  dead  space  at  the  cathode. 

In  general,  higher  reflection  gain  levels  were  experienced  on  wafers  with 
15  -3 

doping  levels  of  2 x 10  cm  or  above.  This  is  to  l)e  exijected  because  of  the 
higher  nL  product.  Abov'e  3 x 10^^  cm  it  was  difficult  to  stabilize  the  device 
against  out-of-band  oscillation.  The  higher  gain  levels  were  obtained  at  the 
expense  of  noise  figure.  Best  low  noise  performance  was  observed  on  wafers 
with  active  layer  doping  levels  less  tlian  I x lO^^cin”^.  Gain  bandwidth  product 
was  reiiuced,  however,  so  reasonable  gain  levels  could  only  be  obtained  in  5 GHz 
or  small  bandwidth  amplifiers.  A more  detailed  discussion  of  specific  wafer 
performance  can  be  found  in  Section  5.3. 

It  has  also  been  noticed  that  operation  in  both  polarities  (heat  sink  negative 
or  normal  polarity  and  heat  sink  positive  or  reverse  polarity)  has  been  possible, 
in  many  cases,  with  Ijoth  grown  n^  and  direct  metal  contacts.  This  is  contrary  to 
experience  on  GaAs  TEA  dicxles.  Also  in  many  cases,  superior  reflection  gain 
was  obtiiined  in  the  reverse  direction,  possil)ly  tine  to  the  generally  higher  operating 
volUiges  permitted  by  the  improved  heat  conduction  path  from  amxle  to  heat  sink. 

I/)w  nL  piaxluct  devices  had  poorer  gain  in  the  reverse  [jolarity. 


4.2  CONTACTS 


The  region  about  threshold  is  to  be  avoided  in  a low  noise  amplifier  design 
because  of  the  peak  in  the  electron  diffusion  constant  and  consequent  higher  noise 
generation  as  showm  by  equation  (1).  Also,  high  electric  fields  are  not  desirable 
because  of  the  small  p associated  with  them  through  the  GaAs  or  InP  velocity 
field  characteristic.  In  InP,  an  electric  field  of  15-20  kV/cm  is  optimum  for 
minimum  noise  generation. 

Realization  of  this  optimum  electric  field  is  not  possible  with  the  n^-n-n^ 
structures  shown  in  Figure  4.3b.  Solutions  of  the  Poisson  and  continuiU'  ecjuations 
yield  very  non-uniform  eleetric  field  distributions  over  a wide  range  of  active 
layer  doping  and  length  combinations.  Low  electric  field  near  the  cathode  and 
high  electric  field  at  the  anode  are  always  obtained.  Since  a uniform  electric 
field  profile  is  necessary  to  operate  in  the  minimum  noise  generation  region,  de- 
partures from  the  flat  doping  profile  or  ohmic  contact  of  Figure  4.3  are  nee<ied. 

Even  though  noise  measure  is  reduced  in  n -n-n  structures  by  utilization 
of  a low  nL  product,  theoretical  limitations  due  to  tlie  injected  space  charge  limited 
currents  from  the  n cathode  prevent  realization  of  the  ultimate  capability  of  InP. 

Also,  gain-bandwidth  product  is  severely  limited  for  low  nL  devices  because  of  the 
small  negative  real  part  and  the  conseciuent  difficulty  of  realizing  broadband  matching 
circuits  for  low  impedance,  high  Q devices. 

A logical  way  to  overcome  these  limitations  is  presented  by  the  cathcxle  notch 
contact  approach  as  described  in  Figure  4.5.  This  cathode  notch  zone  of  lower  donor 
density  provides  an  acceleration  region  for  electrons,  driving  them  above  threshold 
in  a narrow  spatial  zone.  In  addition,  if  the  notch  width  and  length  is  properly  selected, 
the  injected  space  charge  at  the  downstream  end  of  the  notch  can  be  forced  to  tx|ual 
the  fixed  donor  density,  hence  achieving  sixice  charge  neutrality  and  flat  or  uniform 
electric  field  in  the  active  region  by 


Both  operating  field  and  current  density  can  be  controlled  by  the  notch  doping 
and  length.  This  structure  reduces  noise  measure  due  to  generation  at  low  fields 
and  loss  of  |p|  at  high  fields  and  should  allow  use  of  more  highly  doped  active 
regions  to  maintain  gain  bandwidth  product.  Referring  back  to  Figure  4.5,  a net 
reduction  in  noise  nre  asure  of  several  dB  is  jjredicted  for  uniform  electric  field 
InP  diodes  [ 5]  . Also,  the  electric  field  distrilnition  should  not  be  as  critically 
dependent  on  operating  voltage,  which  will  help  rtKluce  AM  noise  due  to  ujocoinerted 
power  supply  variations. 

Preliminary  ealculations  have  been  completed  for  the  design  of  cathode  notch 
amplifier  devices  in  the  26. 5 to  40  GHz  range.  This  is  accomplished  by  a numerical 
solution  of  equation  4 using  a curve-fit  approximation  to  Fawcett  and  Herbert’s 
velocity-field  characteristic  at  500°  K and  the  drift  current  density 

J = ii(iv(e).  (5) 

Kftects  due  to  diffusion  ;ire  negligible.  These  ef(uations  are  solved  assuming  that 
for  a given  electric  field,  the  space  charge  e(|uals  the  active  layer  fixed  chai’ge 
at  the  active-notcli  Ijoundary.  A simple  linear  extrapolation  through  the  notch 
region  is  perlormed  at  small  enough  inerements  in  space  to  permit  accurate  eon- 
vergenee.  Thus,  for  a Imomi  active  region  doping,  electric  field  and  notch  doping, 
tlie  correct  notch  length  can  be  obtained. 

The  results  lor  one  Upii'ul  ease  are  summarized  in  Figurt‘  1.(1.  In  Ihe 
case  ol  InP,  the  cathode  notch  region  must  be  deeper  and/or  wider  tlian  that  riH|uireii 
lor  (i.aAs  devices.  Maximum  width  is  limiteil  to  1.5  pm  or  less  to  proxide  signi- 
ticant  acceleration  zone  lienefits  and  lo  minimize  \-oltage  drop  across  the  noleli.  In 
competition  with  this  rceiuirement,  the  nl,  product  of  the  aetixe  lax  t r must  lie  low 
to  achieve  the  minimum  in  noise  measure.  This  rcxiuires  that  the  doping  of  tlie 
notch  be  xery  low  (or  exen  slightly  l’-t\pc')  to  prox  ide  tiu'  ultimate  noise  measun  s 
in  InP.  This  xvill  retpiire  significant  improvements  in  Ini'  epitaxial  groxxlh  teehiuxlogv 
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Figure  4.6.  Calculation  of  Notch  Width  and  Doping  for  Selected 

Active  Region  Dopings  of  an  InP  Cathode  Notch  Device 


After  weighing  the  above  factors,  a theoretical  Ka-band  device  design 
has  been  determined.  The  active  layer  is  to  be  4.5  /im  in  length,  slightly  less 
than  the  4.5-6  length  as  determined  from  rf  measurements  of  flat  doping 


I 

profile  devices,  but  consistent  with  trends  in  GaAs  flat  profile  and  cathode  notch  I 

15 

device  performance.  Active  layer  doping  should  be  in  the  range  of  1 to  1.5  x 10 
-3 

cm  . Notch  doping  and  length  can  be  determined  from  the  graph  presented  in  ] 

Figure  4.6.  In  this  figure,  notch  doping  and  width  are  compared  for  optimum 
noise  reduction  at  three  active  layer  doping  densities. 

4.3  FABRICATION  METHODS 

4.3.1  Ultrasonic  Bonding 

Two  processes  were  employed  for  fabrication  of  InP  devices.  The 
first  process,  scribe  and  cleave  ultrasonic  bonding,  was  used  on  all  wafers  evaluated 
for  this  program.  The  success  of  this  approach  depends  on  such  variables  as  the 
surface  quality  of  tlic  epitaxial  layer,  the  precise  bonding  conditions  utilized  (i)ressurc, 
temperature,  ultrasonic  amplitude),  and  tlie  effectiveness  of  the  cleanup  etch  in 
removing  scribe  and  Ijonding  damage  from  the  chip  surface.  The  device  o|)crating 

current  must  also  be  controlled  by  the  in-i)ackagc  etchant,  a separate  prol)lem  i 

which  will  be  further  discussed.  The  majority  of  the  rf  results  reported  in  Section  5 
were  olHained  from  devices  fabricated  in  this  manner. 

j 

4.3.2  Integral  Heat  Sink 

In  order  to  control  the  tlicrmal  resistance  more  repriHiucil)ly  and  to 
simplify  the  bonding  process,  a gold-plated  integral  heat  sink  process  (IlIS)  similar 
to  that  used  for  GaAs  Gunn  devices  was  desired.  This  type  of  approach  has  several 
distinct  advantages  over  the  scribe  and  cleave  approach.  Wafers  are  not  reduced  lo 
chips  by  a mechanical  process;  a carefully  controlled  etching  process  is  cTuployc'd. 

Since  the  plated  heat  sink  is  in  close  contact  with  the  epitaxial  layer,  small  surlai  e 
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irrej;\ilarities  do  not  destroy  the  thermal  contact.  Thus,  the  thermal  resistance 
of  these  devices,  while  not  always  lower  than  tlie  ideal  TC  or  ultrasonically  bonded 
device,  consistently  approaches  the  theoretical  minimum  for  the  particular  device 
area  ami  geometry. 

The  adapUition  of  GaAs  IHS  processes  to  mm-wave  InP  wafers  was  initially 
impeded  Ijy  lack  of  a suiUible  polishinf;  (isotropic)  etchant  which  does  not  rapidly 
attack  ”()ld.  Due  to  the  formation  of  very  stable  surface  oxides,  oxidizing  etchants 
are  prevented  from  attacking  InP  surfaces.  At  the  present  time,  only  bromine- 
baseil  etehants  have  isotropically  etched  InP  with  successful  results.  HCL  has 
highly  anisotropic  etch  rates  which  result  in  severe  surface  faceting,  as  shown  in 
Figure  1.7a,  The  aqueous  Br  IlBr  etchants  have  been  found  to  be  moderately  isotropic, 
have  redueed  attack  rates  on  gold,  and  permit  use  of  positive  or  negative  photo- 
resists. An  etchant  similar  to  that  reported  by  Brookbanks  et  al  [ 28)  was  used  to 
eteli  the  mesas  shown  in  Figure  -4.71). 

Sevi'ral  plated  gold  IBS  fabrication  sequences  ha\'c  been  evaluated  and  are  still 
in  development.  The  first  two  of  these  processes  are  outlined  in  the  flow  charts  of 
Figure  1 . s and  1.9. 

rlu'  first  i)rocess  utilizes  a i)re-thinncd  wafer  (50  mierons  thiek)  with  alloyed 
.\u-('iC'/Xi  eontacts  on  both  sides.  .After  heat-sink  plating,  contact  pads  are  ch'fined 
and  mesas  are  etched  until  the  heat  sink  is  reached.  Wliile  this  process  works 
excci'dingly  well  for  larger  diameter  mesas  (>  1 mils),  the  small-dc'vicc  areas 
refiuiiH'd  for  ew  Ka-band  InP  Gunn  diodes  were  impossible  to  etch  on  50  micron  thick 
wafi'fs  without  excessive  undercutting,  Wliile  thinner  wafers  have'  been  proccssiKl 
sueei'ssfully,  the  loss  in  yield  due  to  breakage  or  accidental  cleaving  would,  on  the 
avc'ragt',  be'  exe'cssivc. 

For  this  re'ason,  a second  pi'oe'e'ss  was  eone'e'ixcd  in  whie'h  the  lu'at  sinks  could 
l)c  telate'd  prior  to  wafer  thinning  t<>  pi'oxide'  nu'e'hanie'a  1 support.  ,\n  ohmic  cemtact 

I 28 1 D.M.  Brookbanks,  I.  Griffith  and  P.  M.  White',  Metal-Se'mie'ondiU'tor 
Gontae'ts,  Gonf.  Se'rie's  22,  Inst.  Phys.,  D>nilon,  1971. 
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Figure  4.8.  Flow  Diagram  Showing  Fabrication  Sequence 
for  Integral  Heat  Sink  Process  No.  1 
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Figure  4.9.  Flow  Diagram  Showing  Fabrication  Sequence 
for  Integral  Heat  Sink  Process  No.  2 
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is  deposited  and  alloyed  on  the  epi  side,  followed  by  40-50  microns  of  plated  gold. 

The  substrate  was  then  reduced  in  thickness  to  25  microns,  using  Br-methanol  on 
a polishing  pad.  A non-ohmic  (forward-biased  Schottky  barrier)  contact  of  nickel 
gold  was  deposited  on  the  substrate  and  the  mesa  etch  followed. 

This  second  approach  was  used  on  wafer  EE46.  Yield  of  good  chips  was 
limited  by  the  non-uniformity  of  polishing  and  the  plating  thickaiess  non-miiformity. 
Polishing  flatness  was  significantly  improved  by  the  use  of  polishing  stops  which 
prevent  excessive  mechanical  or  chemical  polishing  and  minimize  rounding  of  wafer 
edges.  Even  with  tlie  improvements  in  polishing,  wafer  thickness  variations  from 
10  to  30  pm  were  not  uncommon,  largely  due  to  non-uniformity  of  the  plated  heat 
sink.  To  minimize  this  problem,  an  approach  was  evaluated  which  utilizes  a 
conductive  plating  carrier  so  that  edge  effects  on  small  wafers  are  reduced  signi- 
ficantly. This  approach  also  has  the  advantage  of  normalizing  plating  current  and 
permitting  several  wafers  to  be  plated  at  the  same  time.  This  technique  has  reduced 
tlie  average  wafer  thiclmess  variation  after  polishing  to  a more  tolerable  10  to  20  pm 

range;  however,  further  improvements  are  needed  to  insure  mesa  diameter  uniformity 
•> 

across  a typical  1 cm”  wafer  section. 

i 

i At  this  stage,  detailed  SEM  analysis  of  etched  InP  mesas  on  the  platixl 

i gold  heat  sink  revealed  an  additional  problem  which  is  still  under  investigation. 

Figure  I.  10a  shows  an  SEM  photograph  of  a chip  revealing  extensive  undercut 
of  the  InP  mesa  and  gold  contact  metallization  by  the  etchant.  This  was  attributed 
to  the  reactivity  of  the  Br  etchant  witli  gold  metallization.  This  undercut  totally 
tlestroys  the  thermal  contact  between  device  and  heat  sink. 

t 

I 

To  limit  the  attack  of  gold,  an  additional  approach  was  evaluated  which 
inter[)osed  a platinum  etch  barrier  layci’  between  the  Au-Ge/Ni  ctnitact  metallization 
and  the  plating.  This  was  successful  in  reducing  the  extent  of  etchback  into  the 
, ' heat  sink  as  shown  in  Figure  I.  10b;  howcvei’,  it  can  be  seen  that  undercut  of  the 

InP  still  occurred,  even  in  relatively  brief  exposure  intervals. 
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(b)  InP  Mesa  Etched  on  Pt  Etch  Barrier 


It  seems  evident,  therefore,  that  the  vei'y  rapid  undercut  observed  is 
primarily  occurring  in  the  InP  itself  and  not  in  the  metallization.  This  could 
be  caused  either  by  interfacial  strain  or  by  electrochemically  accelerated  etch 
processes  at  the  interface,  possibly  due  to  hole  injection  into  the  lightly  doped 
n - InP.  Further  investigations  into  this  problem  will  be  made. 

In  any  of  the  integral  heat  sink  processes  in  which  the  wafer  is  thinned 
alter  the  heat  sink  is  plated,  separation  of  devices  must  take  place  as  the  final 
process  step.  To  accomplish  this,  a photoresist  masking  step  has  Ijeen  followc>d 
by  a s()ray  etching  techni(iuc  wliich  etclu’s  the  gold  plating  between  mesas.  This 
approach  lias  been  evaluated  and  lias  been  fouiKl  to  produce  very  well  defined,  near- 
vertical  edges  on  the  lu'at  sinks. 

In- Package  Ktcliing 

It  is  desirable  to  use  a clean-up  or  current  adjustment  etch  after 
devices  are  bonded  in  the  ceramic  packages  to  remove  any  surface  contamination 
and  select  the  threshoki  current.  Due  to  the  problems  outlined  aliove  regarding 
gold  attack  by  Hr-based  etchants,  this  has  not  been  aceomplislied.  Gold-plated 
package  parts  are  attacked  too  rapidly  to  permit  utilization  of  these  etchants. 

IIGI  has  liccn  used;  however,  its  preferential  etch  rates  lead  to  very  unsatisfactory 
mesa  geometries.  This  emphasizes  the  need  for  good  control  of  mesa  diameter  in 
tile  cliii)  fabrication  process,  so  that  only  very  brief  in-package  etclics  are  necessary. 

I . I 'L’l 1 1 : 1 l.MAL  KKSISTANCK 

In  oi’der  to  evaluate  the  effectiveness  of  the  device  fabrication  and  boiuling 
processes,  device  thermal  ri'sistancc  measurements  were  miiploycd.  These  mea- 
surements utilized  the  tc'iiipcraturi'  (k  |)cndcnce  of  the  low  field  mobilily  to  didcrminc 
actual  device  active  layer  temperatures.  To  accomplish  this,  dcvict's  arc  caliliratinl 
by  measuring  bias  voltagi'  for  a constant  iiias  ciii'rcnt  (in  m.\)  at  thi’cc  ambient 
temperatures.  Once  the  diode  temperaturf  - voltage  i haracteristic  is  established, 
device  active  layer  temperalures  are  im  asiired  while  dc  biasc'd  umler  non-oscll kiting 
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conditions  by  pulsing  down  to  the  calibration  current  level.  This  pulse  down 
employs  a very  low  duty  cycle,  short  pulse  to  prevent  alteration  of  the  device 
temperature.  The  resulting  low  field  bias  voltage  is  related  to  the  calibration 
data  and  thermal  resistance  determined  by: 

T - T 

B'P  = device  heat  sink 


where  P.^  is  the  dc  average  heating  bias  applied  to  the  device  under  test. 

Ideal  device  thermal  resistances  were  calculated  for  each  device 
knowing  the  active  layer  doping  and  length  and  the  operating  current.  Device 
areas  were  inferred  from  the  conduction  current  assuming  an  effective  transit 
velocity  of  l.:5  x 10^  cm/sec.  The  theoretical  values  were  calculated  using  the 
following  eciuation: 


0„  = nn+ 
T T 


■1  k r 
cu 


whore; 


k,  = thermal  conductivity  of  InP  at  200°  C 
= 0. 35  w/cm-deg. 

k^^  = thermal  conductivity  of  copper 
= 3.0  \V/cm-deg. 


I + = length  of  epitiLxial  InP  between  anode  and  heat  sink 
nn 


0p  = package  and  bonding  contribution 
';3°  CAV 

r = radius  of  device 


r = \ / = 1.53  X P 

ViKi  V ..t: 


.11  op 


n = device  active  layei-  carrier  concentration 


Measurements  were  made  on  two  instruments.  One  of  these,  a manual 
instrument,  used  an  oscilloscope  for  pulse  down  voltage  measurements.  This 
yielded  the  most  reliable  results.  The  second  instrument,  a commercially 
manufactured  automatic  unit,  utilizes  sampling  techniques  to  determine  average 
voltages  and  calculates  thermal  resistance  using  the  empirical  temperature 
calibration  factor.  Unfortunately,  this  second  technique  was  not  reliable,  possibly 
due  to  low  frecjuency  bias  oscillations. 

Measured  results  are  presented  Table  4.1.  Doping  levels  and  theoretical 
thermal  resistances  are  compared  to  those  measured  by  both  instruments.  As 
would  be  expected,  thermal  resistance  is  inversely  proportional  to  doping.  That 
is,  the  lower  doped  wafers  reciuire  larger  areas  for  tlie  same  operating  current 
and  therefore  have  lower  thermal  resistance. 


TABLE  4.1 

THERMAL  RESISTANCE  MEASUREMENTS 
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DEVICE  EVALUATION 


5.1  DEVICE  PARAMETERS  INVESTIGATED 

In  an  effort  to  provide  feedback  of  information  for  the  material  growth 
and  device  design  aspects  of  the  program,  a thorough  rf  evaluation  of  all  wafers 
with  promising  dc  characteristics  was  carried  out  through  measurement  of  several 
device  parameters.  Gain  was  measured  on  a Ka-band  reflectometer  setup  in  a 
variety  of  test  cavities  which  cover  the  entire  2G-40  GHz  frequency  range.  Circuit 
parameters  were  optimized  to  increase  gain  or  stabilize  oscillations,  depending 
upon  the  level  of  negative  resistance  the  device  exhibited.  This  information,  together 
with  Ivnowledge  of  the  device  doping  level,  allowed  us  to  generally  rate  the  performance 
of  the  devices.  The  optimum  freciuency  range  was  practically  determined  by  which 
circuit-device  combination  yielded  the  highest  negative  resistance  level. 

If  the  wafer  showed  good  promise  in  terms  of  de\icc  reliability  and  had 
reasonable  gain  levels,  it  was  evaluated  for  noise  figure  and  noise  measure,  using 
a circulator  to  couple  the  signal  into  and  out  of  the  amplifier.  If  ‘he  wafer  hail  good 
noise  figures  as  well,  other  evaluations  such  as  impedance  and  compression  idiarac- 
teristic  measurements  were  then  performed. 
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5.  1.  1 


Test  Circuit  Descri|)tion 


.\nalysis  of  a wafer  was  performed  in  lower  and  up[ier  half  band 
amplilier  circuits  similar  to  those  uscxl  for  GaAs  Gunn  amplifiers  on  previous 
programs.  This  circuit  consists  of  a coax  line  of  approximately  (>,5  D terminaled 
on  one  end  by  the  Gunn  device  and  on  the  other  by  a multisection  low-pass  filter  for  dc 
bias  insertion.  A portion  of  the  outer  coax  conductor  is  cut  away  and  forms  a reduceil- 
height  section  ol  waveguide.  This  feature  prox  ides  both  coax-to-waveguide  transforma- 
tion and  impedance  transformation  to  the  full-height  output  waveguide.  Figure  5.1 
tiresents  a eross-si'ctional  view  of  this  amplifier  circuit.  The  circuit  is  frequency 
seali'd  and  otherwise  miKlified  to  provide  operation  over  the  2(i.5  to  ;!;i,  2‘.)  to  .'!7 


and  Ik!  to  |i)  GHz  segments  ol  tin-  band,  (^ireuit  ojitimization  for  individual  dexiees  is 
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Figure  5. 1.  Cross-sectional  View  of  Coaxial-Waveguide  Hybrid  Amplifier  Circuit 
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accomplished  by  varying  the  center  conductor  length  and/or  diameter;  coupling 
can  be  varied  by  external  means,  such  as  a slide  screw  tuner  or  tuning  block.  Tlie 
latter  is  usually  required  only  with  very  low-gain,  low-doped  devices  and  results 
in  a high-gain,  narrow-band  amplifier  configuration  which  enables  noise  figure  analysis 
to  be  performed. 

Wide  band  (>4  GHz)  gain  levels  are  typically  in  the  4 to  12  dB 
range  with  the  upper  limit  being  set  by  stability  considerations.  Gain  levels  higher 
than  this  are  impractical  near  freciuency  band  limits  of  waveguide  components  and 
when  using  circulators  to  provide  nonreciprocal  performance,  because  mismatches 
presented  to  the  amplifier  can  lead  to  wide  gain  variations  or  instabilities. 

5 . 1.2  Parameter  Measurements 

This  section  briefly  summarizes  how  the  various  dexicc  rf  pai’ametcms 
wore  measuretl  and  what  types  of  cH|uipmcnt  were  used. 

For  gain/lxindw idth  measurements,  the  amplifier  cireuit  was  mounted 
directly  on  the  input  port  of  a high  directivity  (40  dl3)  10  clB  coupler.  A tleti'ctor  was 
placed  on  the  coupled  arm  with  a variable  attenuator  in  series  to  improve  the  match. 
Swi'pt  aiul  leveletl  power  was  applied  to  the  coupler's  output  port.  This  simple  and 
easily  ealibratc'd  reflection  test  setu[)  gives  very  repeatable  results,  as  displaxed 
on  either  a fre(|uency  response  network  analyzer  or  an  X-Y  recorder.  It  also  proviiles 
very  simple  compression  tests  when  uniformly  varying  the  input  power  and  the 
attenuation  just  in  front  of  the  deteetor. 


Noise  figures  wvre  nu'usured  in  one  l)asie  configuration,  l)ut  tH|uipnu'nt 
typi's  and  procedures  were  variinl  to  give  the  most  realistic  picture  possible.  The 
eireuit/device  combination  was  tunetl  on  a eiri  ulator  with  optimum  fre<iueney  pimfor- 
manee  matching  that  of  the  amplifier.  Gain  kwads  wimi-  recorded  lor  device  noise 
measurement  calculations.  A noise  tui)e  was  then  substituted  for  the  input  signal  and 
;i  \arial)le  attenuator  was  placed  lu'twa'en  tlu'  amplifii'r  output  and  thi-  low  noise  mixer 
signal  input  port.  This  et)mmereially  a\ailal)le  mixer  liad  very  low  noise  performanei 
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(7,2  to  9.0  clB  nieasurod  aci’oss  the  entire  Ka-l're()ueney  band)  and  was  operated 
with  approximately  2 m\V  L.O.  drive.  Noise  figures  were  measured  using  a .'i()  Mil/ 

I.  F.  fret|ueney,  and  using  either  the  automatic  mode  (with  two  different  manufacturers’ 
noise  figure  meters)  or  manually,  using  the  Y-factor  method. 

5 . 1.2  Impedance  Measurements 

Devices  from  several  wafers  were  characterized  in  the  half  band 
amplifier  circuits  using  slotteil  line  techniques  to  measure  the  active  reflection 
coefficient.  In  this  procedure,  the  circuit  Z-matrix  is  measured  using  three  offset 
shorts  in  place  of  the  packaged  device  in  the  amplifier  circuit;  the  circuit  is  charac- 
terized to  the  TKM  reference  plane  at  the  top  of  the  diode  package.  Phase  information 
is  obtiiined  using  slotted  line  measurements.  The  active  device  is  then  substituttnl 

i 

lor  the  offset  short  and  biased  to  the  dcsirctl  stable  operating  point.  Slotted  line  | 

measurements  are  again  made  to  determine  SWK  and  phase  information.  This  infor-  i 

Illation  is  then  reduced  to  II  and  .X  impedance  data,  using  computer  programs.  The 
data  arc  then  plotted  on  Smith  charts  and  bamlwidUis,  negative  resistance  levels, 

device  (i,  etc.  can  be  c'asily  ilctcrniined.  , 

r>.2  COMPUKIIKNSIVK  HKSUl.TS  SUMMARY  i 

0.2. 1 Material  Properties  and  KF  Performance 

During  the  course  of  the  twelve  month  effort,  over  ;i()  wafers  were  i 

grown  and  a high  lu'rccntage  evaluated  for  use  as  Ka-liand  amplifiers.  This  section  1 

presents  a complete  summary  of  all  wafers  grown  and  tested.  Better  performing 
wafers  are  treated  individually  in  a later  section. 

Table  5.  1 presents  a summary  of  material  pro|)erties  of  wafers 
grown  lor  the  amplifier  program.  Two-thirds  of  the  wafei's  grown  were  evaluatcHl 
as  amplificM’s,  Heasons  for  not  evaluating  a wafer  include  high  resistivity  mati'rial, 

|)oor  metal  adhesion  oi'  problems  with  de  character isties . Figure  1.1  in  .Section  I.  1 
gives  a graiihieal  ilisplay  of  tijjXl  priKluet  values  for  Hie  wafers  grown.  As  would  he 
expected,  staliility  problems  were  eiieountered  with  devices  having  lengtiis  shoi  h r 
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TABLE  5. 1 

MATERIAL  PROPERTIES  OF 
InP  WAFERS  SELECTED. FOR  AMPUFIER 
EVALUATION  IN  THE  26-40  GHz  RANGE 


wr  /liUN 

M 

sc 

IHS 

HI' 

nxlO^'' 

ACTIVK  LWKU 
I.KNGTH  (^m) 

TYPl 

X 

X 

X 

2.5  - 2.0 

DM 

Ki:;!5/SS\V  11-9 

\ 

X 

X 

•1  - 1.2 

DM 

i:K;i7/ssw  11-10 

X 

X 

X 

8-7 

1.1# 

DM 

i: KOH/ssw  i9-r> 

X 

X 

X 

5 - 0 

L' . r> 

DM 

Ki:99/SS\V  12-.5 

X 

X 

X 

5.5 

2.  5 

DM 

Ki:4.l/Sr  InP  2-1 

X 

X 

X 

1.3  - 0.5 

r>.7 

DM 

KKl-l/SH  InP  2-r. 

X 

X 

X 

2.0  - 1.0 

1.0 

DM 

KK-Ki/SSVV  20-a» 

X 

X 

X 

X 

3 - 1 

2,7 

DM 

KK  IS/SSW  20-."i 

X 

X 

X 

X 

■1 

;i.  1 

C. 

KKr>9/SS\V  20-10 

X 

X 

X 

■1  - 5 

3.7 

C 

KKn  l/SSW  21-2 

X 

X 

X 

2 - 2.5 

2.(i 

I'l 

KK').')/SSW  21-;i 

X 

X 

X 

X 

1.1  - 1.5 

1.9 

r. 

KK.IO/SSU'  21-1 

X 

X 

X 

X 

2-3 

5.i 

Cl 

KKf>7/SyVV  21 -.7 

X 

X 

3-2.  5 

3.9 

(1 

KKfjf'/S.SW  21-0 

X 

X 

1 

3.J 

G 

KK.'/J/SSW  21-7 

X 

X 

X 

3 

1 . :• 

('. 

K KOO/SSW  21-^ 

X 

X 

3 

3.3 

('. 

i:i;oi/s.s\v  21-2T 

X 

X 

2 - 2.  5 

2.(14 

DM 

l■:l■:(l2/ss\v  21- IT 

X 

X 

X 

2 

5.4 

DM 

i;i:o  i/ssw  22-2T 

X 

X 

2.5  - 3 

DM 

I'Ko.'i/ssw  22-1 

X 

X 

X 

2 - 3 

1.(1 

G 

i:i:oo/ssw  22-r. 

X 

X 

X 

0.75  - 0.0 

1. 1 

G 

i:koh/ss\v  22-M 

X 

X 

(i.  5 - 7 

3 

G 

Ki-:7o/sH\v  21-1 

X 

X 

X 

2-2.3 

5.4 

G 

1-  i:71/.SS\V  22-.7 

X 

X 

X 

. 75  - . 9 

1. 1 

G 

KlTli/.SSW  27-:i 

X 

X 

X 

.0-1 

1.7 

G 

KK7I/SI1  10-7 

X 

X 

.1  - .0 

(1.(14 

G 

Ki:7,'>/.SI(  10-^ 

X 

X 

.5  - 1 

r.  •> 

('. 

Ki:7ll/SI{  10-9 

X 

X 

.7  - 1 

3 

r, 

Ki:77ASIi  10-9 

X 

X 

X 

.7  - 1 

''.3 

G 

M 

rmlalli/.itnin 

ill' 

KI‘  I'saliution 

SC 

scrilic  and  rlcaM 

DM 

iln'i’i'l  nu'tal  c'oniact 

III.S 

inliairal  load  sink 

( 1 

^;roun  n ronlai't 

r>7 
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than  ;}jLun  or  clopint;s  hiyiher  than  3 x 10  ' cm  when  evaluated  in  Ka-band  amplifier 

circuits.  Although  this  will  be  outlined  in  greater  detail  in  a later  section,  optimum  | 

performance  was  obtained  in  Ka-band  with  devices  having  the  following  characteristics: 

n _L 

o 

O.H  X cm”'^  1.2pm  ; 

O.Tf)  X 10^'’’V‘m"'^  4.1pm 

0.7  X 10^''  cm“‘^  1.7  pm 

Looking  only  at  those  devices  giving  stalile  amplifieation  in  Ka-band,  we  can  generate 
Table  5.2  whicli  lists  several  measured  and  calculated  parameters.  The  gain  levels 
are  tliose  seen  over  the  correspontling  banilwidths.  The  gain-l)andwidth  pixxluct 
is  calculated  lyv  taking  the  stiuare  root  of  the  average  voltage  gain  ratio  and  multiplying 
it  by  the  bandwidth  in  GHz.  Noise  figures  are  de\ice  noise  figures.  lz)sses  attributable 
to  cireulator  and  circuit  as  well  as  receiver  noise  contrilnitions  ha\e  been  subtracted. 


5.2.2  Gain  Measurements  at  FrcKiuencies  greater  than  10  GHz 

UK  evaluation  was  performed  on  devices  from  several  wafers  in  the 
10  to  (10  GHz  fre(|Liency  range  at  NELC's  San  Diego  facility.  The  amplifier  circuit 
used  on  the  10  to  00  GHz  refleciometer  was  in  the  3>s  GHz  circuit  and  useful  gain 
extendi'd  to  approximately  17  GHz.  Results  from  some  of  the  devices  are  presented 
in  Figures  5.2  and  5.3.  In  Figure  5.2,  gains  for  two  devices  from  wafer  FF35  are 
[)resented.  This  device  has  an  active  layer  length  of  1.3  pm  and  an  active  layer 
doping  of  1-1.2  \ 10^'’  em“''  for  an  effective  nxl  product  of  0.5  - 1.7x10  . Other 

devices  measui’cd  in  the  same  circuit  and  frc()uency  range  are  shown  in  Figure  5.3. 
Table  5.3  summarizes  performance  and  device  parameters  in  this  frc(|uency 
range. 
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RF  PERf'OH^LVNCE  SUM^L-\RY  FOR  BETTER  AMPLIFIER  WAFERS 


TABLE  5.3 


VVAFEli  SUMMARY 


Wafer 

15  3 

n (xlO  ) cm 
0 

1 (p  m) 

n xl 
X 10 

Gain  (dB) 
38-43  GHz 

s/~V  Gain 

EE35 

4.0  - 1.2 

4.3 

1. 12 

~ 8 

7. 1 

EE44 

1.3  - 0.5 

5.7 

0.51 

~ 1.5 

5.2 

EE59 

3.0 

4.5 

1.35 

~ 5 

5.  t) 

EE05 

2-3 

4.0 

1. 15 

~ 1 

5.0 

Bandwidth  in  all  cases  appears  to  be  circuit  limited  and,  as  a hiy;her 
fret]uency  circuit  is  utilized,  more  thorouf’h  evaluation  of  these  devices  in  the  40  - (iO 
GHz  range  will  be  performed.  In  Ka-band  gain  in  this  circuit  can  extend  down  as 
far  as  33  GHz.  This  gives  an  approximate  available  bandwidth  of  11  GHz,  which  is 
similar  to  bandwidth  seen  with  the  33  GHz  ami)lifier  circuit  centered  in  Ka-band. 

5 . . 3 I/)w  Temperature  Measurements 

Some  thermal  problems  liave  been  encountered  with  higher  doped 
oscillator  devices  on  another  program,  and  low  temperature  measurements  were 
used  to  (waluate  tlie  effects  of  higher  temiJcrature  operation.  Devices  from  three 
wafers,  EEOO,  EE70,  and  EE71  were  checked  for  gain  and  noise  figure  at  two  different 
temperatures.  The  low  temperature  measurements  were  made  by  immersing  the 
am()lifier  circuit  in  liciuid  nitrogen  for  several  minutes  with  the  dicKic  unbiased  before 
testing.  Temperatures  were  on  the  onler  of  -50'  C.  For  the  higher  temperature 
measurements,  the  diode  was  operated  for  several  minutes  without  cooling  in  a room 
< temperaturi'  ambient.  It  was  found  that  the  gain  response  changed  significantly  when 

the  de\  icu's  were  cooled.  For  dev  ices  from  wafer  EFOO  and  some  from  EE70  the  gain 
peak  shifted  up  about  3 GHz  from  34  GHz  to  37  t’lHz.  In  most  cases  peak  gain  changtxl 
b\  less  than  0.5  dB,  however.  Devices  from  wafer  FF71  and  others  from  EF70  shmu'd 
a decrease  in  gain  of  g-3  dB  with  a small  increase  in  frequency  of  the  gain  peak 
(<1  GHz). 


f.2 


Noise  figures  of  devices  from  EE71  were  measured  at  the  two 


temperatures,  using  the  H-P  automatic  noise  figure  meter.  The  noise  figure  of  the 
diodes  was  about  0.4  - 0.6  dB  higher  when  they  were  cooled.  Noise  measure  was 
about  0.6  dB  higher  for  the  higher  gain,  higher  doped  devices  and  1.5  - 2 dB  higher 
for  the  lower  gain,  lower  doped  devices  when  they  were  cooled. 

5.2.4  Reverse  Polarity  Measurements 

■j 

Several  of  the  triple-layer  contact  amplifier  wafers  were  evaluated 
for  gain  and  noise  figure  in  the  reverse  (heatsiivk  positive)  polarity- mode.  ()f  the 
higher  gain  wafers,  higher  noise  two-thirds  had  considerably  improved  gain  levels  and 
the  rest  showed  no  change.  The  lower-doped,  lower-gain  wafers  actually  had  worse 
gain  performance  in  some  cases  with  the  bias  polarity  reversed. 

5.2.5  Device  Relial)ility 

In  an  effort  to  establish  a meaningful  estimate  in  InP  device  reliability, 
several  devices  from  wafer  EE71  were  placed  on  dc  burn-in.  The  devices  are  al)out 
0.,‘15A  devices  and  are  operating  at  -ill.5V^  their  normal  operating  voltage.  The  heat 
sinks  are  at  about  60°  C and,  with  an  av'erage  measured  thermal  rcsisUince  of  .5:5°  C/\V, 
tlie  active  layer  temperature  is  about  200°  C.  Fifteen  devices  are  biased  in  this  life 
test.  There  have  been  several  failures,  although  all  but  one  of  these  occurred  witiiin 
the  first  10  hours  after  it  was  put  on  the  life  test.  The  one  exception  failed  after  1003 
hours.  To  date,  over  11,500  device  hours  have  been  accumulated.  This  test  will 
be  continued  in  the  interim  between  programs  as  long  as  a burn-in  rack  is  availal)le 
for  use. 


5 . :5  A MORE  DETAILED  LOOK  AT  8 PECIl-iC  WAFERS 

5 . : 5 . 1 Higher  Doped,  1 ligher  Noise  Wafers 

Three  wafers  grown  duiing  tlic'  eontrael  pei  iiKl  had  vaTv  good 
pertormanee  in  terms  ol  gain  levcis  and  lu'gativc'  resisUinee  bandwidlhs.  Tliesi' 
walers  were  I-,E:5:5,  FK59,  and  lHi70.  All  liad  doping  levels  grealiT  than  2.n  \ in'  ; n 
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and  lengths  ”roator  than  I . h /.mi.  As  a rrsnil,  nolst  li^uras  were  not  low,  alllion-h 
they  were  5 to  7 dI3  lower  than  noise  le\els  measured  on  similar  prolili  (la  \s  li  \iei 
Noise  measures  were  only  sli<;htly  higher  due  to  the  hi”h  ^ain  levels  ex]iei-ienei A. 


In  Fi>,;ures  a.  1 ami  5.(1,  plots  of  ^ain  vs  freciuency  with  associated 
noise  figures  are  shown  for  devices  from  these  three  wafers.  The  noise  fifiiiia 
are  "iven  in  clB  and  are  the  vertical  numbers  next  to  the  curves.  As  can  be  seen 
from  the  fif^ures,  j;ains  are  extremely  Ini’ll,  and  the  ilevices  could  be  made  to  usi  illai’ 
iluite  easily  with  slight  circuit  detuning.  Noise  figures  suffered  as  a result  of  the 
increased  doping  level.  The  noise  figures  for  these  w'afers  were  comparable  to 
those  obtained  with  GaAs  notch  devices,  although  gain  levels  were  slightly  higher. 
Since  the  main  thrust  of  the  program  was  low  noise,  further  evaluation  efforts 
concentrated  on  lower  tlo|)ed  devices. 

Higher  tloped  InH  Gunn  devices  ajipear  to  exhibit  an  increasetl 
sensitivitv  to  bias  voltage  changes,  as  evidenced  by  changes  in  gain.  Figure  a.  7 
presents  a Ivpieal  gain  re.siionse  of  a lowvr  frei|Ui’ncy  amplifii'r  as  a function  of 
liias  voltage.  Shifts  of  the  I’eactive  portion  of  the  device  imiiedanee  appear  to  lu' 
more  in  line  with  tliose  observed  for  Ga.\s  devices,  as  there  is  little  frwiueney 
shill  111  ihe  gain  passband  as  bias  voltage  is  varied.  The  InP  devices  measui'ed 
tvpically  exhibited  an  1 1 change  in  negative  resistance  for  a 0.  1 V change  in  liias 
iii'ar  the  maximum  negalivt  resistance  point.  Ga.As  devices  with  similar  profiles 
exhibited  a change  w!'.  iiieasured  in  the  same  manner.  This  sensitivity  do'  s 
indicate  more  stringent  retpurements  on  povv('r  supply  noise  levels  in  v iew  of  the 
possible  higlu'r  AM  conversiun  in  oscillator  and  noise  figuri'  degi'adation  in 
am|)lil  ier  applications. 

l!  I / »vv  er  I loiied,  l/iwer  .\'i ) i se  W afers 

\'erv  low  nidse  performance  was  olitaiiuil  with  thi'ee  wafers  having 
lo'u  r iloping  levels.  These  three  are  F F I I,  hb  and  71.  Doping  levels  for  these 
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devices  are  all  below  1.0  x 10  , although  they  do  have  sloped  profiles.  Ixuigths 

are  medium  to  long  covering  the  4 to  6 pm  range.  As  a result  of  the  low  doping 
levels  the  negative  resistance  was  correspondingly  lower,  as  were  the  gain  levels. 
Wide  band  gains  were  tj^iically  one  to  two  dB,  although  wafer  71  showed  higher  gains 
in  the  3 to  6 dB  range. 

In  order  to  obtain  meaningful  noise  figure  information,  a 
narrowband  circuit  was  utilized  to  give  higher  gain  levels.  Figures  5.8  and  5.9 
present  gain  pictures  for  devices  from  wafers  44  and  66.  Again,  the  vertical  numbers 
represent  device  noise  figures.  In  Figure  5.8  we  can  see  that  the  noise  figoires 
decrease  slightly  as  the  bias  voltage  is  increased. 

Devices  from  wafer  EE71  (one  of  the  later  series)  have  provided 
exceptional  performance  in  wideband  amplifier  circuits.  Judging  by  the  doping 
level,  wideband  gains  were  higher  than  anticipated.  TjiJical  gain  responses  in  the 
38  GHz  half-band  amplifier  circuit  are  shown  in  Figure  5. 10  for  several  devices  from 
tlie  wafer.  These  responses  were  measured  with  the  amplifier  on  a circulator,  l)ul 
circulator  insertion  losses  are  not  included  in  the  gain  values.  Operating  volUiges 
are  showm  on  the  graph.  Operating  eurrents  are  in  the  0.25  to  0.4  A range.  The 
devices  would  also  operate  in  the  33  GHz  circuit,  but  at  somewhat  reduced  gain  levels 
and  higher  operating  voltages.  If  the  voltages  were  raised  further  to  cheek  operation 
in  the  lower  half-l^and  amplifier  circuit,  gain  was  either  very  low  over  the  frcKiuenev 
range  (<1  dB)  or  the  devices  failed. 

Noise  figures  on  several  devices  from  this  wafer  were  measured  by 
several  methods  and  gave  numbers  in  the  8 to  12  (IB  range,  (iei)ending  upon  the 
metluKl  used.  Table  5.  1 presents  a summary  of  noise  figures  for  the  devices  as 
measured  with  tliree  configurations. 
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Figure  5.8.  Narrowband  Amplifier  Response  for  Wafer  EE44 
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Figure  5.9.  Typical  Gain  Response  of  a Device  from  Wafer  EE66. 
Vertical  numbers  are  device  noise  figures  in  dB. 
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TABLE  5.4 

34  to  40  GHz  DEVICE  NOISE  FIGURES  - WAFER  EE71 
NOISE  FIGURES  - dB  (Noise  Measures  Below  in  Parentheses) 


DEVICE  S/N 

MANUAL 
HP  METER 

AUTOMATIC 

HP  METER  AIL  METER 

2 

7.5  - 11.8 

6.8  - 9.3 

9.6  - 10.7 

(10.9  - 14.0) 

(9.3  - 13.6) 

(11.2  - 12.9) 

3 

7.3  - 11.7 

6.7  - 7.8 

(8.6  - 13.7) 

(9.6  - 14.6) 

5 

6.6  - 9.2 

6.4  - 8. 1 

8.3  - 10.0 

(9.7  - 12.7) 

(10.2  - 13.8) 

(12.1  - 14.5) 

10 

9.0  - 10.0 

(10.8  - 12.0) 

11 

8.2  - 9.3 

(10.7  - 11.8) 

The  numbers  represent  deviee  values  - contributions  from  receiver  noise  and  , 

circulator  losses  have  been  subtracted  where  applicable.  The  ran^’e  of  noise 
measure  is  shown  in  parentheses  under  noise  figure  values. 

The  discrepancies  between  values  taken  with  the  two  instruments 
in  the  automatic  mode  are  reduced  somewhat  if  a narrower  frecjuency  region  is 
considered  where  DiP  amplifier  gain  is  higher.  In  this  region,  the  AIL  meter 
has  a higher  reading,  by  1.27  dB,  for  several  devices  (1.27  dB  is  the  average 
difference  in  noise  figure  values  for  the  same  device  over  several  frwiuencies). 

Approximately  a 1 dB  difference  in  noise  figure  vulues  has  been  previously  noted 
during  lower  frtx)ucncy  (X-band)  noise  measurements  using  the  two  meters.  Part 
of  the  discrepancy  is  attributable  to  tlic  fact  that  the  HP  meter  is  calibratcnl  for  a 
noise  tube  with  a fixed  noise  ratio  which  is  approximately  1 dB  below  tli.it  aetually  used. 

I 
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I’niler  ;m\'  firi'umstanccs,  noise  I'i^iircs  well  below  10  (IH  have  beni  j 

(lemonstraleil  in  this  lal)oralorv  with  accompan>-inj;  iisal)le  wideband  n-iiii  levels  | 

ol'  ;?  to  G dB  in  the  34  to  40  GHz  freciuency  ranf>e.  | 

Compression  measurements  were  made  on  devices  from  wafer  EE71 
aiul  considerably  improved  compression  performance  was  noted  over  previous  ^ 

measurements  on  early  w'afers.  In  amplifier  eircuits  with  nains  in  the  4 to  5 dB  ] 

ranj^e,  the  1 clB  compression  point  was  at  greater  than  + 3 dBm  input  power  (the  | 

limit  of  our  measurement  C“Ciuipment  capability).  In  a 7 dB  gain  amplifier,  a drop 
to  G dB  gain  occurred  with  + l.a  dBm  ini)ut  power.  In  all  cases,  smooth  compression 
characteristics  with  no  apparent  gain  e.xpansion  were  note<l. 

5.3.3  Device  Impedance  Measurements 

Plotted  in  the  ne.xt  several  figures  is  the  negative  of  the  terminal 
impedance  for  devices  from  several  of  the  better  Ini  "^rs  im  asured  in  the  33  to  40 
GHz  range.  Plotted  on  the  Smith  chart  in  Figure  5,11  are  device  curves  for  Ga.As 
de\  ices  witli  both  flat  and  catluxle  notch  doping  profiles.  Also  plotted  in  Figure  5.  13 
is  the  measured  circuit  impedance  for  the  38  GHz  half  band  amplifier  circuit.  These 

curves  represent  averages  of  device  data  taken  for  several  devices  from  each  wafer,  ' 

X'ai  iations  from  device  to  device  in  a given  wafer  are  predominantly  reactive  in  nature, 

although  some  wafers  cxi)cricnced  gTcater  \ariations  in  reacUinccs.  T\4)ical  reactance 

spreads  arc  2 to  10  ohms.  Heal  part  variations  u|)  to  50'^  are  also  t\T>ical.  A summary 

of  a\mag('  device  ()  for  the  wafers  measured  is  given  in  Table  5.5.  Also  showm  is  the  ! 

real  part  and  the  change  in  real  |)art  of  tlie  device  impedance  across  tlie  fre<iucncy  range 

from  which  the  device  ()  was  calculated. 

Tlie  InP  devices  exhibit  higher  t)'s  than  GaAs  devices  and  as  a result 
appear  to  have  narrower  bandwidths  when  measured  in  GaAs-type  amplifier  circuits. 

The  smaller  change  in  real  part  of  the  devici-  impi’dance  makes  device  matc'hing 
somewhat  lasici-,  however.  Also  evident  from  the  table  and  .Smith  charts  is  that 
dewiee  (,)  increases  as  doping  decrixises,  primarily  due  to  the  decri'ase  in  lU'gative 
resistance  magnitude.  One  inti'resting  fi'alure  that  is  displa\c'd  by  dev  ices  from  the 
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Figure  5. 12.  Negative  of  the  Terminal  I mpedance  for  Devices  from 
I nP  Wafers  EE33and  EE66. 
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Figure  5. 13.  Negative  of  the  Terminal  Impedance  for  Devices  from 


I nP  Wafers  EE70  and  EE71.  Also  plotted  is  the  38  GHz 
circuit  impedance. 
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TABLE  5.5 


DEVICE  Q FOR  SEVERAL  InP  WAFERS  WITH  TWO  GaAs 

Ax  fo 


DEVICE  TYPES  FOR  COMPARISON 


Q = 


Af  2R 


AFERS 

-«(D) 

AR(fl) 

R 

33 

13 

+ 1.5 

6.5 

GO 

6 

+ 1.5 

16.7 

70 

15 

+ 4.5 

7.3 

71 

10 

+ 2.5 

9.0 

GaAs  Flat 

18 

+ 10 

2.8 

GaAs  Notch 

18 

+ 9.5 

4.4 

later  liiP  wafers  is  that  the  packaged  device  is  resonant  at  much  higher  frecjuencies 
than  either  GaAs  or  early  InP.  The  InP  devices  resonate  in  mid  to  upper  Ka-band, 
whereas  the  GaAs  devices  resonate  in  K-band  usually  about  23  GHz.  This  is  as 
expected  because  of  the  increased  physical  length  of  the  device  (due  to  higher  electron 
velocity)  and  resulting  decreased  capacitance. 


In  Figure  5. 14,  amplifier  gains  are  calculated  based  upon  measured 
:3ircuit  and  device  impedances  using  the  following  etjuation  for  reflection  coefficient: 


Z - Z,  ♦ 
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The  magnitudes  and  frcxiuency  ranges  correlate  quite  well  with  those  obscrveil  and 
reported  on  for  similar  circuit  ty()es. 
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Figure  5. 14.  Calculated  Gains  for  Various  InP  Wafers  Using  Measured 
Device  and  38  GHz  Circuit  Impedance  Data 


6.  AMPLIFIER  CIRCUIT  DEV  E LOPM  I:NT 
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G.l  GENERAL  CIRCUIT  DISCUSSION 


As  described  briefly  in  a previous  section  and  shown  in  Figure  G.  1,  the 
amplifier  circuits  utilized  during  this  program  were  of  the  coaxial/waveguidc 
hybrid  type.  A standax’d  cii'cuit  design  at  33  GHz  forms  the  basis  for  scaling  cir- 
cuit dimensions  to  other  center  frequencies  in  and  beyond  Ka-band.  Dimension  of  l)olh 
the  imxer  and  outer  coaxial  conductors,  as  well  as  waveguide  opening  size  and  dei)th, 
are  critical  for  proper  operation. 

Generally,  coax  line  impedance  as  determined  by  the  center  conductor  diameter  ; 

i 

sets  the  gain  level  while  the  waveguide  impedance  transformer  ratio  and  electrical  | 

length  between  the  full  height  out{)ut  waveguide  and  the  coax  line  determines  the  band- 
width. Also  extremely  important  is  the  area  of  the  coaxial  line  immediately  surrounding 
the  diode.  Recessing  the  0. 120”  diameter  diode  flange  into  the  heat  sink  greatly  reduces 
the  mounting  inductance  and  enables  easier  matching  for  wide  band  operation.  The  wave- 
guide to  TEM  transformation  takes  place  near  one  end  of  the  coaxial  line  and  thcrd'orc 
magnetic  coupling  predominates. 

Cii’cuits  are  available  to  cover  all  portions  of  the  2(i.;j  to  -lO  GHz  band,  but  none 

1 

of  the  wafers  grown  operated  in  the  2C.5  to  32  GHz  ixortion  of  the  band  with  the  excc-ption 
of  wafer  EE33. 

G.2  HYBRID  COUPLED  AMPUFIER  MEASUREMENTS 

As  LxP  Gunn  devices  arc  considered  for  use  in  higher  frexiucncy  bands  (al)o\  c 

■10  GHz)  as  reflection  amplifiers,  the  problem  of  successfully  coupling  the  rf  signial 

into  and  out  of  the  amplifier  in  a nonrccipi’ocal  manner  becomes  more  ilifficult. 

Ferrite  circulator  limitations,  spccificallv  the  4"M  ol  the  ferrite  material,  limit 

s 

fundamental  mode  low  loss  operation  to  fretiucncics  Ixclow  10  GHz.  Circulators  with 
up  to  H"!,  bandwidths  and  reasonabli'  return  loss  and  isolation  pcriormance  arc  axailable 
as  laboratory  mcxlcls  through  GO  GHz.  For  wider  Ixand  coverages  considerable  ilcvclop- 
ment  effort  must  be  exi)i'nded  or  alternate  ap|)roaches  must  be  explori'd. 

I 
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Figure  6. 1.  Amplifier  Circuit  Schematic 
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One  approach  that  was  evaluated  in  upper  Ka-band  was  that  of  using  a 3 dB  j 

hybrid  coupler.  This  waveguide  unit  is  commercially  available  and  is  designed  to  I 

cover  the  entire  band.  Full  band  performance  levels  are:  better  than  14  dB  return  | 

loss  over  the  band  (better  than  IG  dB  from  28  to  38  GHz),  and  less  than  one  dB  of  ■ 

insertion  loss  between  the  input  port  and  the  output  port  with  both  amplifier  ports 
shorted.  Two  amplifiers  were  measured  on  the  reflectometer  setup  and  were 
slightly  adjusted  to  be  as  identical  as  possible  in  terms  of  gain  level  and  frequency 
response.  Phase  shift  was  not  measured.  The  two  amplifier  circuit  responses  are 
shown  in  Figure*  6. 2. 

] 

The  two  circuits  were  then  placed  on  ports  A and  C of  the  3 dB  hybrid  coupler.  ; 

The  output  at  port  D due  to  input  applied  at  port  B is  shown  in  Figure  6.3.  As  can 
be  seen  from  the  figure,  the  overall  gain  level  looks  identical  to  either  one  of  the 
individual  stage  amplifiers  in  terms  of  both  bandwidth  and  gain  level.  Unfortunately, 
the  return  loss  measured  at  [lort  li  was  c)uite  low,  implying  that  the  isolation  with 
biased  amplifiers  in  place  of  short  circuits  is  not  gocxl.  It  is  api)arently  not  sufficient 
to  merely  tune  the  amplifiers  for  identical  gain  and  bandwidth  values,  but  the  relative 
phase  c'hange  must  also  be  taken  into  account  to  achieve  high  isolation  as  well  as 
gooil  gain  response  from  this  hybrid  coupled  approach. 

(i . 3 KA-BANT)  NKTWOKK  ANAI.Y/KK  ' 

A network  analyzer  for  the  26., '5— 10  GHz  band  was  assembled  for  dicxle  imiie- 
tlanee  eharaeterizalion.  All  small  signal  impedance  measurements  of  Ka-band  dex  iees 
were  made  using  a slotted  line,  which  can  lead  to  inaccuracies  due  to  the  probe-induced 
perturbations  in  the  fields  in  the  waveguide.  Also,  it  is  a time-consuming  process,  as 
all  measurements  must  be  done  point  by  point  in  l'rec|uency. 

As  a result,  a Hewlett- I’aekward  Ks7  I7A  transmission  and  rcf  li'ction  test  unit 
was  added  to  our  standard  network  analyzer.  Tliis  test  unit  mix('s  a local  oscillator 
and  a swopt  source  to  eoinort  to  a tre<|U('ney  in  tiu'  normal  operating  range'  of  tlie 
network  analyzer. 
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Figure  6.2.  Individual  Matched,  37  GHz  Amplifier  Circuit  Responses 


Figure  6. 3.  3 dB  Hybrid  Coupled  Amplifier  Gain  Response. 

Output  measured  at  Port  D,  input  applied  at  Port  B. 
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Tho  Ciimn  clcv'ices  arc  characterized  in  a nornuil  amplifier  circuit.  The 
diode  is  placed  at  the  end  of  a coaxial  line  which  is  coupled  to  the  wavcf?uidc  witli 
an  iris.  As  a result,  "real  time"  device  impedance  measurements  on  the  polar 
display  are  not  possible.  The  circuit  must  be  fully  characterized  to  calculate  the 
actual  device  impedance  from  the  measured  impedances.  An  HP-9821  desk-top 
calculator  is  used  to  control  the  swept  frecjuency  and  calculate  through  the  circuit 
Z-matrix  to  the  ditxle  reference  plane.  This  procedure  is  similar  to  the  procedure 
used  u ith  the  .slotted  line  technique.  The  use  of  the  calculator  to  control  the  signal 
frcxiuency  and  read  data,  plus  perform  calculations  automatically,  greatly  increases 
accuracy  and  decreases  time  rexiuired  for  the  measurement. 

i;cjuii)ment  difficulties  with  the  BWO  sweeper  plug-ins  precluded  our  obtaining 
meaningful  diode  characterization  results.  Proper  network  analyzer  operation  has 
l)cen  verified  in  the  manual  mode  and  the  feasibility  of  using  the  calculator  to  accurately 
control  frequency  in  this  millimeter  wave  band  has  been  demonstrated.  Efforts  will 
eonlinue  during  the  l)ctween-program  period  to  make  this  system  fully  operational. 
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CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FUTURE  STUDY 


It  has  been  verified  during  the  course  of  this  one-year  program  that  InP 
Gunn  devices  offer  significant  advantages  over  GaAs  devices  in  noise  figure  per- 
formance as  wideband  amplifiers.  Noise  figures  up  to  13  dB  lower  than  flat  profile 
and  7 dB  lower  than  cathode  notch  profile  GaAs  devices  have  been  demonstrated. 
Additionally,  as  solid  state  components,  they  will  offer  significant  advantages  over 
conventional  means  of  providing  wideband,  high  gain,  low  noise  amplification  in  the 
millimeter  wave  frequency  ranges.  This  is  the  main  reason  for  the  continuing  intcresl 
in  solid  state  devices  of  this  type.  The  noise  figures  observed  during  the  course  of 
this  work  are  at  least  7 dB  lower  than  those  attainable  with  standard  traveling  wave 
tubes  with  the  additional  advantages  of  longer  life  and  much  simpler  power  supply  design. 

Several  tasks  remain  that  would  further  enhance  the  attractiveness  of  this 
new  device.  There  should  be  continued  optimization  of  device  active  layer  doping 
and  length  for  lower  noise  and  maximum  gain  bandwidth  product.  This  effort  should 
include  development  of  material  growth  and  device  designs  to  provide  a cathode  notch 
device  structure.  Another  task  is  the  completion  of  the  integral  heat  sink  or  plated 
heat  sink  process  development  and  InP  metalization  system  to  provide  better  control 
over  the  device  thermal  properties  and  to  maximize  device  yield. 

Efforts  should  be  made  to  extend  the  device  operating  ranges  into  the  10  to  (it) 

GHz  frequency  band.  Noise  figure  and  lifetin  e advantages  of  InP  Gunn  devices  arc  even 
more  attractive  in  this  millimeter  wave  frequency  range. 
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